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Preface 


The stock of buildings in the European Union is relatively old, with more than 40% 
of it built before 1960 and 90% before 1990. About 75% of the buildings are energy 
inefficient. According to legislation on energy efficiency, strategic action plans for 
the improvement of the energy performance of buildings have been accepted. 
However, current activities are mainly focused on increasing the thermal perfor- 
mance of building envelope systems, building airtightness, and energy-efficient 
mechanical systems. Such unilateral design of built environments results in 
uncomfortable and unhealthy conditions as well as other adverse health outcomes. 
Epidemiological studies show that approximately 30% of new and renovated 
buildings worldwide may be related to unhealthy indoor environments. Studies on 
residential buildings in Japan and in three northern European cities identified 
12-30.8% of occupants as having sick building syndrome symptoms. Moreover, in 
the studies on public buildings in Canada, the UK, and the US, 20-50% of workers 
experienced sick building syndrome symptoms. Finally, statistical data show that 
15.1% of Europeans live in dwellings with leaking roofs, damp walls, floors, or 
foundations. 

Most of our exposure-related human activities are performed in indoor built 
environments, living as well as active working spaces. From 60 to 90% of the time 
spent indoors, we are exposed to numerous environmental health risk factors. 
Epidemiological studies define more than 23 health risk parameters related to 
indoor built environments that might cause adverse health effects on building users. 
Particularly sensitive to risk factors are vulnerable groups of users, possessing 
multiple, cumulative risk factors. The numbers of these are increasing as the 
population ages. Poor indoor environmental quality conditions, longer exposure 
times, the presence of vulnerable population groups, and increased user suscepti- 
bility may all increase the risk of adverse health effects. Prevention and control of 
health risk factors is the fundamental activity for the design of healthy and com- 
fortable built environments. 
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Creating Healthy and Sustainable Buildings: An Assessment of Health Risk 
Factors is dedicated to all stakeholders involved in the design of built environ- 
ments, particularly buildings as a whole or their separate parts throughout their life 
cycles. This scientific monograph systematically addresses the problem of inade- 
quate indoor environmental quality and synthesizes new insights and own research 
results in the direction of its improvement. It gives a comprehensive overview of 
epidemiological studies, statistical data and user complaints that clearly demon- 
strate the consequences of incorrect activities in current design processes. 
Furthermore, the authors hope that the monograph will raise the awareness of 
society and indicate that this is the right time for a change toward healthier built 
environments. In this era of increased renovation rates, it is essential to have a work 
that can be used for effective prevention and control of health risk factors in all 
stages of design of built environments. 

The scientific monograph consists of four chapters, presenting the morphology 
of the design of healthy built environments. In Chap. 1, a built environment as a 
four-dimensional space of the product, system, location, and user is introduced. The 
authors describe the problem of unhealthy built environments with the cause—effect 
relationship. The chapter concludes with a list of objectives of planning toward 
healthy sustainable buildings, and well-being. Chapter 2 is dedicated to under- 
standing the conceptual differences between healthy buildings, beyond eco-friendly, 
green, or low-carbon buildings. It emphasizes the problem of current reimbursement 
strategies and plans that often define priority environments driven by economic and 
energetic criteria. Therefore, the chapter concludes with the definition of priority 
environments for renovation according to vulnerable population groups. In Chap. 3, 
readers, including students, experts, or the general public become familiar with the 
identification of health risk factors and their parameters and their role in the design of 
healthy built environments. Identified and classified health risk factors and their 
parameters are the basis for the identification of single- and multi-group interactions 
among them, described in Chap. 4. Following the evidence-based design approach, 
the monograph synthesizes with the tool developed for decision-making processes 
supported by short-term and long-term benefits of the presented holistic design. 

The relevant topics related to the design of built environments are discussed 
from public health and engineering perspectives. In such a way, multidisciplinary 
cooperation between disciplines and professions as well as constructive commu- 
nication are stimulated. Indeed, this is the main motivation for the monograph. This 
publication is valuable for all target groups involved in all levels of design of built 
environments: 


e Academic levels: undergraduate, postgraduate, specialization, lifelong learning. 

e Experts involved in all stages of design (building, its systems, indoor/outdoor 
environment): civil engineering, architects, environmental health engineering, 
mechanical engineering, medicine, public health experts, and environmentalists. 

e General public: raising the awareness, knowledge. 

e Institutions, organizations: public health, occupational health (guidelines). 
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e Legislative bodies: policymakers on the field of built environments (strategic 
and legal documents). 


e Others: nongovernmental organizations, general people, and vulnerable popu- 
lation groups. 


Ljubljana, Slovenia Mateja Dovjak 
Andreja Kukec 
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Up to 90% of the time human being spends indoors; in some specific envi- 
ronments, such as hospitals, retirement home, etc., even more. During this time, 
occupants are exposed to numerous environmental health risk factors that might 
have adverse health effects. For effective control and prevention against health risk 
factors, the built environment has to be healthy and animatedly designed. 

The scientific monograph systematically addresses the problem of deteriorated 
indoor environmental quality and reveals novel approach strategies against that. It 
represents an original scientific work that gives a comprehensive overview of the 
epidemiological studies, monographs, reports, legal documents, and standards. In 
the methodology of engineering design of healthy built environments, occupants 
are in the central point. It features knowledge of disciplines, engineering, and public 
health; readers become familiar with terminology and definitions. Especially the 
interesting and exhaustedly investigated chapter on interactions among health risk 
factors and decision-making process provides useful information and shows a good 
summary of current and future trends in research and development. It is a crucial 
step for effective assessment and prevention of problems in unhealthy built 
environment. 

I strongly believe that the monograph is useful to all stakeholders involved in 
every stage of design of optimal built environments, indoors and outdoors, and 
highlights the main benefits of creating healthy and sustainable buildings. I hope 
that the book will encourage collaboration among different sectors as well as uni- 
versities in preparation of novel programs or collaboration of existing ones in 
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residents. 
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professionals in the field of building planners, operators, restorers, and for public 
health professions. The added value of this scientific monograph is interdisciplinary 
approach with the aim to inform the readers what the building factors that have an 
impact on human are and what the health outcomes are. The most important 
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Chapter 1 A 
Introduction Cheek for 


Abstract This chapter provides an introduction to the problems of unhealthy and 
uncomfortable conditions in built environments. In Sect. 1.1, the characteristics of 
built environments, which include living as well as working areas, is introduced. In 
Sect. 1.2, the historical background of built environments is described. The mor- 
phology of the engineering design of built environments supplemented by 
descriptions of specific requirements and needs for active spaces are presented 
(Sect. 1.3). Current legislation on building energy use, environmental protection, 
and public health strategies is listed in Sect. 1.4. Section 1.5 presents relevant 
problems in the built environment supported by studies and user’s opinions. 
A comprehensive review of the epidemiological data on relevant problems in built 
environments is provided, as well as their causes and consequences from engi- 
neering and public health perspectives (Sect. 1.6). At the end of this chapter, in 
Sect. 1.7, we conclude the main objectives of planning towards healthy and sus- 
tainable buildings and general wellbeing. 


1.1 Characteristics of Built Environments 


The term “built environment” refers to all aspects of the human-made surroundings 
that provide the setting for human activity: the human-made space in which people 
live, work, and create on a day-to-day basis (Roof and Oleru 2008). It ranges in 
scale from indoor to outdoor active spaces, and it extends in four-dimensional space 
De, length-x, width-y, depth-z, time-t), so the boundaries among them are often 
blurred (Fig. 1.1). 

Early concepts of built environments date to Classical Antiquity; notable is the 
work of Hippodamus of Miletos, an architect and urban planner who lived between 
498 and 408 BCE (Glaeser 2011). He is considered the father of urban planning, 
and his name is given to the grid layout of city planning, known as the 
Hippodamian plan, which is based on a grid of right angles and the allocation of 
public and private space. The centre of the city is home of the city’s most important 
civic public spaces, including the agora (i.e., the central component of the city, the 
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Fig. 1.1 The continuum of space and time of the built environment 


marketplace), the bouleuterion (i.e., a building that housed the council of citizens in 
Ancient Greece; an assembly hall), theatres, and temples. Private rooms surround 
the city’s public areas (Glaeser 2011; Boundless 2017). 

Although the concept of the built environment is more than 2500 years old, the 
term emerged in the 1980s and came into widespread use in the 1990s (Crowe 
1997). 


McClure and Bartuska (2007, p. 5) described the creative results of human 
activities throughout history and a holistic and integrated concept of the built 
environment as: “Everything humanly made, arrange and maintain (eg. 
design, plan and build construction), to fulfil human purposes (e.g., needs, 
wants and values), to mediate the overall environment, with the results 
affecting the environment in context.” 


Bartuska (2007) introduced the term “total built environment”, which is 
organized into seven interrelated components that emerge from human needs, 
thoughts, and actions: 


e Products—include materials and commodities generally created to extend the 
human capacity to perform specific tasks 

e Interiors—arranged groupings of products generally enclosed within a structure 

e Structures—planned groupings of spaces defined by and composed of products 

e Landscapes—exterior areas and/or settings for planned groupings of spaces and 
structures 

e Cities—groupings of structures and landscapes of varying sizes and 
complexities 

e Regions—groupings of cities and landscapes of various sizes and complexities 

e Earth—groupings of regions consisting of cities and landscapes—the entire 
planet. 


In Bartuska’s definition, every component of the built environment is defined 
and shaped by context; each and all of the individual elements contribute either 
positively or negatively to the overall quality of environments, both built and 
natural and to human-environment relationships (Bartuska 2007). In the processes 
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related to planning and designing of built environments from micro, medium, to a 
global scale, the negative consequences of anthropogenic activities De, air, soil, 
water, food contamination) should be fully prevented. In setting preventive mea- 
sures, public-awareness and individual responsibility are vital. Although the built 
environment is distinguished from the natural environment, it should be in harmony 
with it (Bartuska 2007). 

Due to holistic endeavours and the extent of our human-made environment, the 
term “built environment” is used in various disciplines, including architecture, 
civil engineering, mechanical engineering, occupational safety, and environmental 
and public health. 


The Construction Industry Council (CIC 2017) suggests that the built envi- 
ronment “encompasses all forms of building (e.g., housing, industrial, com- 
mercial, hospitals, schools), and civil engineering infrastructure, both above 
and below ground and includes the managed landscapes between and around 
buildings.” 


In recent years, environmental public health research has expanded the definition 
of “built environment”. In environmental public health, built environment refers to 
physical environments that are designed with health and wellness as integral parts 
of the communities. The built environment significantly affects the health of indi- 
viduals and communities. This was most evident during the industrial revolution 
when infectious diseases were the primary public health threat: unsanitary condi- 
tions and overcrowded urban areas facilitated the spread of infection (Perdue et al. 
2003). 

During the 19th century, the connection between environmental public health 
and the built environment became increasingly apparent. In this field, dramatic 
improvements in environmental public health were made possible in industrialized 
nations through changes in the built environment. The installation of comprehen- 
sive sewer systems, improvements in building designs to ensure that residents had 
light and fresh air, and the movement of residential areas away from noxious 
industrial facilities all brought significant improvements in health. 

Industrialization highlighted the relationship between the built environment and 
environmental public health (Rosen 1993) which seemed to have diminished in the 
mid-20th century. Infectious diseases had been brought under control and, as a 
result, the layout and planning of cities came to be viewed as a matter of aesthetics 
or economics, but not health (Perdue et al. 2003). 

Today, the majority of public health problems are related to chronic diseases. 
The built environment influences the public’s health, particularly in relation to such 
diseases. However, many urban and suburban environments are not well designed 
to facilitate healthy behaviour or create the conditions that protect health. Health 
officials can provide information about healthy living, but if people live in poorly 
designed physical environments, their health will suffer (Perdue et al. 2003). 
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A sedentary lifestyle and poor nutrition contribute to obesity, a risk factor for some 
of the leading causes of mortality, including cardiovascular disease, diabetes, 
stroke, and some cancers (Mokdad et al. 2003; Glanz et al. 2016). 

Although the links between physical activity, proper nutrition, a clean envi- 
ronment, and health are well known, the current built environment does not pro- 
mote healthy lifestyles. Many urban environments lack safe open spaces that 
encourage exercise and access to nutritious food and promote the use of alcohol and 
tobacco products through outdoor advertising (Perdue et al. 2003). A spread-out 
suburban design facilitates reliance on automobiles, increasing pollution and 
decreasing the time spent walking. Research has indicated that the way neigh- 
bourhoods are planned can affect both the physical activity and mental health of the 
communities’ residents (Renalds et al. 2010; Kent and Thompson 2014). Studies 
have shown that built environments designed to improve physical activity do, in 
fact, demonstrate higher rates of physical activity, which in turn positively affects 
health (Carlson et al. 2012). The environment is integral in promoting physical 
activity (Goldstein 2002). 


Users: individual needs and demands 


Environment: climate, Healthy, comfortable Building and systems: living and 
location (macro, medium, conditions: thermal, visual, working environment, HVAC 
micro) acoustic comfort, indoor air 


quality, ergonomics, 
universal design 


Fig. 1.2 The cut-off crowd of influencing parameters of the design of the built environment 
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The built environment affects health in a number of ways. It is not sufficient to 
educate people regarding healthy lifestyles; the built environment must promote, or 
at least allow engagement in healthy behaviours. Therefore, it is necessary to take 
into account all influencing parameters of the design of the built environment 
(Fig. 1.2). Legislation on the built environment can be used as a tool to accomplish 
this goal (Gostin 2000). 


1.2 A Historical Background of the Built Environment 


Vernacular buildings are buildings that are designed based on local needs, avail- 
ability of construction materials, and reflect local traditions. Vernacular architecture 
relied on the design skills and tradition of local builders. However, since the late 
19th century many professional architects have worked in versions of this style. It 
tends to evolve to reflect the environmental, cultural, technological, economic, and 
historical contexts (Scott 1996; Abbacan-Tuguic 2016). Principles of vernacular 
buildings are incorporated into bioclimatic design processes (Krainer 1993a). 
Bioclimatic design, based on common sense and location endowments, results in 
comfortable indoor conditions. Socrates’s sun-tempered house and Preskar’s cot- 
tage, Velika planina, are chosen as examples of bioclimatic designs of vernacular 
buildings (Figs. 1.3 and 1.4). 

Socrates’s House or sun-tempered house was designed by Socrates, the Greek 
philosopher, about 2500 years ago. It is a trapezoid-shaped house with the long side 
facing the sun. A house with such an ideal shape stays warm in winter and cool in 
summer without reliance on outside energy sources. The roof overhang on the south 
blocks the hot summer sun yet allows the winter sun to penetrate the home. The 
roof slopes down in the back to protect from winter winds (Natural Building Blog 
2013). 


tr Nort 
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Fig. 1.3 Socrates’ sun-tempered house 
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Fig. 1.4 Reconstructed 
Preskar’s cottage, Velika 
planina, Slovenia (oval form, 
square form) 


In Book III, Chapter VIII, of Xenophon’s Memorabilia of Socrates, written a 
few decades after Aeschylus, and in the midst of a Greek wood fuel shortage, 
the Greek philosopher, Socrates, observed: “Now in houses with a south 
aspect, the sun’s rays penetrate into the porticos in winter, but in the summer, 
the path of the sun is right over our heads and above the roof, so that there is 
shade. If then this is the best arrangement, we should build the south side 
loftier to get the winter sun and the north side lower to keep out the winter 
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winds. To put it shortly, the house in which the owner can find a pleasant 
retreat at all seasons and can store his belongings safely is presumably at once 
the pleasantest and the most beautiful.” 


Marcus Vitruvius Pollio (80-70 BC) was a Roman author, architect, civil 
engineer, and military engineer. He is the author of De architectura, known 
today as The Ten Books on Architecture. According to Vitruvius, every 
architect should focus on three central themes when preparing a design for a 
building: firmitas (strength), utilitas (functionality), and venustas (beauty). In 
his work, he explained that the climate determinates the style of the house and 
how the particular purposes of different rooms require different exposures, 
suited to convenience and to the quarters of the sky (e.g., winter dining rooms 
and bathrooms should have a south-western exposure; bedrooms and libraries 
ought to have an eastern exposure) (Vitruvius Pollio and Morgan 1960). 


Another example of vernacular architecture is shepherd housing, found on the 
high mountain plateau of Velika planina in Slovenia. It demonstrates a bridge 
between ancient patterns and modern times (Fig. 1.4). The home of a shepherd has 
a square form, surrounded by oval stable and hay storage, which serves as a buffer 
zone. The construction follows a kind of double envelope principle. The inside 
living space is separated from the outside by a zone which was warmed by the 
metabolic heat of animals or was filled with a material that has unique heat insu- 
lation properties. The foundations are made of stone, and the rest of the construction 
is made of wood (Krainer 1993a). For centuries, the farmers chose the same lo- 
cation to place their Shepard cottages: in areas protected from wind and dampness, 
entries facing south. 

Unfortunately, the settlement was destroyed during the First World War. After 
the war, the settlement was rebuilt, but only partially respecting the old patterns. 
The oval forms were replaced by square forms; the roofs were coloured with 
allegedly protective dark coverings. This has two main negative consequences: 
firstly, changed the colour climate of the environment (original cottages had the 
silver-grey colour of aged timber), and secondly, the dark colour has, as opposed to 
the natural colour of wood, larger solar absorptivity, which causes a higher degree 
of stretching and shrinkage of wood. All this means the shorter lifetime of wood 
(Krainer 1993a). 

Nowadays, the design of built environments is challenged by various problems 
related to energy, environment and health, e.g., climate changes, energy security, 
depletion of natural resources, heat-related mortality and morbidity. The future 
climate conditions worldwide are projected in the continuation of the increase of 
(1) temperatures and extreme temperature conditions (extreme cold and hot days); 
(2) winter and spring precipitation; (3) frequency and intensity of extreme 
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precipitation events, (4) short-term and long-term droughts, (5) heat waves (IPPC 
2018; Melillo et al. 2014). Climate change can, therefore, affect human health in 
two ways: first, by changing the severity or frequency of health problems that are 
already affected by climate or weather factors; and second, by creating unprece- 
dented or unanticipated health problems or health threats in places where they have 
not previously occurred. According to USGCRP (2016), the adverse effects of 
climate change on human health can be divided on: temperature-related death and 
illness, respiratory and cardiovascular impacts of poor indoor and outdoor air 
quality, negative impacts of extreme events, vector-borne disease, water-related 
illness, negative impacts on food safety, nutrition and distribution, negative con- 
sequences on mental health and wellbeing. Especially vulnerable to all those 
changes are children, elderly, and economically disadvantaged groups. 

According to climate changes and their problems, building design as a whole or 
their separate parts must follow the basic principles of bioclimatic design that starts 
from climate and location dynamic characteristics. While the principles of biocli- 
matic design coincide with human existence, they are often neglected in current 
design practice and might result in deteriorated conditions. Current and future 
construction and renovation must be based on the main goal of bioclimatic building 
design, i.e., to provide the usage of positive influences on the particular location 
De, mass, energy, information) together with the protection against negative 
influences. Accordingly, passive solar elements shall be introduced (e.g., direct gain 
design, indirect gain design, isolated gain design, shading, night cooling, evapo- 
rative cooling, etc.). Sustainable use of locally accessible natural materials for 
buildings as a whole or their separate parts has to be considered, such as wood 
(Schickhofer and Hasewend 2000; Kuzman Kitek and Kutnar 2014; Kunié 2016). 
Technology is only one of the pillars of the design. Such an approach results in 
healthy and comfortable sustainable built environments. 


It is important to understand its bioclimatic aspect, that is, the relationship 
between the built environment and us as living systems. This is not only for 
those involved in building-related profession but also for others, since all of 
us as living systems spend most of the time within the built environment 
(Shukuya 2019, p. 2). 


1.3 Morphology of Engineering Design of Built 
Environments 


The built environment includes living and working environments, depending on the 
use of the building and on the activities performed. As is often the case, a living 
environment is also a working environment and vice versa. For example, a nursing 
home (i.e., convalescent home, skilled nursing facility, care home, rest home or 
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intermediate care) is a living environment for people who require continual nursing 
care and have significant difficulty coping with the required activities of daily living 
(e.g., elderly and younger adults with physical or mental disabilities). For nursing 
aides and skilled nurses, who are usually available 24 h a day, a nursing home is 
their working environment (Reinhard et al. 2008). 


The methodology of the design of a healthy built environment was introduced 
by Krainer (1993b) and has been upgraded. 


The starting point of every engineering design process is the definition of the 
main purpose/s of a building. The purpose of the building depends on the building 
classification type: e.g., commercial buildings, residential buildings, medical 
buildings, educational buildings, government buildings, industrial buildings, mili- 
tary buildings, parking structures and storage, religious buildings, transport build- 
ings, non-buildings, infrastructure, power providers and others (OJ RS, No. 37/ 
2018). All classified building types have subtypes (National Institute of Building 
Sciences 2017). For example, subtypes of medical buildings are hospitals, nursing 
homes, quarantines and asylums (National Institute of Building Sciences 2017). If 
we design a nursing home, which is a subtype of a medical building, its design 
process differs from the design process of a school (educational building type) or 
office (commercial building type). 

Furthermore, more effort should be invested at the beginning of the design 
process when designing multipurpose buildings with various activities (i.e., office/ 
residential building, office/commercial building; healthcare service/office/residential 
building). The definition of a building’s purpose and activity in the building impacts 
all steps of engineering design. 

After the definition of the purpose of the building, the characteristic of a specific 
location should be taken into consideration. It often happens that a building is 
planned without knowing the bioclimatic endowment of the specific location. 
Moreover, building plans are often transferred from one location to another, without 
taking into account bioclimatic design approaches. This leads to an energy, envi- 
ronmentally, and functionally inadequate built environment with unhealthy and 
uncomfortable living and working conditions. 

The main characteristics of bioclimatic endowment cover: 


Topographic, geographical features, geomorphology 

Climate type/subtype, climate changes, meteorological conditions 
Biotic diversity, flora, fauna 

Sources and quality of water, soil, air and food, history of pollution 
Social determinants (cultural creativity, religion, etc.) 

Others. 


Listed characteristics of the bioclimatic endowment may present strengths or 
weaknesses for the design process depending on timescale and space. For example, 


10 1 Introduction 


renewable energy sources available at the specific location (i.e., sunlight, wind, 
rain, tides, waves, and geothermal heat) could provide energy for building opera- 
tion, which is a major advantage in bioclimatic design (Stritih and Koželj 2017). 
Furthermore, Directive 2009/28/EC sets a binding target that by 2020, 20% of 
energy consumption must come from renewable sources. In contrast, seasonal 
temperature variations resulting in overcooling and overheating represent a disad- 
vantage in bioclimatic design. Therefore, it is necessary to prevent thermal losses in 
winter and heat gains in summer with efficient building envelope systems 
(Hudobivnik et al. 2016; Pajek et al. 2017; Kunič 2017). Defined strengths and 
weaknesses are stimuli for building envelope design (Krainer 1993b). In addition to 
the bioclimatic endorsement, cultural heritage criteria must also be included in 
the design. Blecich et al. (2016) highlighted the role of responsible and careful 
planning for the preservation of cultural heritage buildings to coincide with the 
application of energy efficiency measures. 

At the stage of positioning the building on the specific location, it is important to 
find optimal orientation and position of active spaces inside a building plan 
(Fig. 1.5). 


Fig. 1.5 Schematic of the x GE 
morphology of engineering 
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For the optimal position of active spaces inside a building plan, all activities, 
requirements, and conditions for the surrounding active spaces should be taken 
into consideration in both the indoor and outdoor environments. Particular attention 
should be dedicated to: 


e Temperature zones (i.e., group of active spaces with room air temperature 
difference less than 4 K) 

e Noisy, active spaces (e.g., machine room, elevator duct, music classroom, 
garage, laundry room) and quiet, noise-protected active spaces (e.g., patient 
room, library, bedroom) 

e Spaces with special requirements and clean spaces (e.g., obstetric bedroom 
unit for new-borns, intensive therapy, sterile spaces such as operating theatre, 
neonatology, isolation rooms) 

e Spaces without special requirements (e.g., halls, administrative facilities, 
service; unclean spaces, e.g., waiting room, laundry, toilets, corridors). 


The positioning of active spaces inside a building plan has an impact on other 
performed activities Oe, cleaning, disinfection, and maintenance), installation of 
HVAC (heating, ventilating and air conditioning) systems and air quality issues 
De, classes of indoor air quality). 

Since the built environment is manifested in physical objects and places 
(Bartuska 2007), it is necessary to define active spaces and functional zones. 


BOX 1.1 Active space 

Active space is a space in the built environment that can be positioned in 
inside or outside environments. It is a three-dimensional space intended for 
specific activities circumscribed by constructional complexes. Active space is 
characterized by specific volume, demands and needs, according to the pur- 
pose and performed activities (e.g., kitchen or dining room in a residential 
building; patient room or a treatment room in a hospital). 


BOX 1.2 Active zone 

User zone inside active space; a space or a group of spaces within a building 
with any combination of heating, cooling or lighting requirements sufficiently 
similar so that desired conditions can be maintained by a single controlling 
device (ISO/TC 205/WG 002: 1998). Definition of active zones and active 
spaces presents one of the initial steps of the engineering design process. 
Based on the defined active zones and spaces together with user character- 
istics and their needs and demands, the required and/or recommended indoor 
environmental conditions are determined that have to be created by effective 
systems. Circumvention of the first steps of design often results in uncom- 
fortable or unhealthy conditions. 
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BOX 1.3 Functional zone 

The physical limits of active space present functional zones. The functional 
zone is a boundary interface that demarcates active spaces and physically 
presents constructional complex. All functional zones have specific functions 
that determine the composition and used materials (e.g., exterior wall, roof, 
floor). Optimal composition of constructional complexes (i.e., exterior, inte- 
rior elements) has a beneficiary effect on the user-building-system perfor- 
mance relationship. 


Examples of functional zones and their characteristic functions are: 


e The functional zone between two temperature zones has to be thermally 
insulated 

e The functional zone between spaces without special requirements/unclean/clean/ 
sterile active spaces needs final coating material resistant to cleaning and 
disinfection, special material selection and execution 

e The functional zone between noisy, active spaces (e.g., machine room, elevator 
duct, music classroom, garage, laundry room) in quiet and noise-protected 
active spaces (e.g., patient room, library, bedroom) needs proper sound insu- 
lation against airborne noise, structure-borne noise and room acoustics 

e The functional zone between wet or humid active spaces needs a 
water-proofing system, a damp-proof membrane. 


The composition of functional zones and selection of materials depends on 
demands and conditions for active space. Demands and conditions are defined by 
national and international regulations, standards, and recommendations. There are 
various demands and conditions, such as sanitary-technical, hygienic, microbio- 
logic, aseptic, fire safety and air quality (Table 1.1). 


Table 1.1 Diversity of requirements and needs in the design process of the built environment 
(TSG-12640-001: 2008; CPR 305/2011) 


Basic requirementsfor Specific requirements for active spaces 
construction works 
e Hygiene, health and the e Health and occupational safety procedures 
environment e Parameters of overall comfort conditions (thermal comfort, daylight, 
e Mechanical resistance and acoustics, air quality) 
stability e Hygienic conditions (cleaning, maintenance, used materials in spaces 
e Safety in case of fire without special requirements/unclean/clean/sterile active spaces) 
e Safety and accessibility in | * Mechanical properties (e.g., wear of floor, which is defined by the 
use load or the frequency and gravity of traffic in each active space) 
e Protection against noise e Requirements relating to the material properties and execution 


e Energy economy and heat | * Chemical properties (i.e., zero emission materials, nontoxic 
retention materials) 
e Sustainable use of natural |° Environmental safety 


resources e Safety against electromagnetic radiation 
e Protection of cultural e Ergonomics 
heritage e Universal design 


e Others e Others 
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(a) (b) (Q) 
Air temperature: 25-30 °C Air temperature: 21-24°C Air temperature: 16-20 °C 
Max temperature of heated Relative air humidity: Relative air humidity: 
surfaces: 45 °C 30-60% (ANSI/ASHRAE 35-55% (Brown and Rose 
Relative air humidity: max Standard 55 2013, 1996). 


60% (OJ RS, No. 90/2001). ANSI/ASHRAE/ASHE 
Standard 170 -2008 2012). 


Fig. 1.6 Examples of active spaces with individualized microclimate conditions: a iguana in 
active space, b patient room in hospital, € museum artefact 


An important step is to define a complete list of all specific demands and 
conditions for active spaces. The main guidance is the intended use (e.g., play- 
room in kindergarten, patient room in a hospital, living room in a nursing home, 
museum), target users (e.g., children, patients, elderly, reptiles, tropical plants) and 
goods (e.g., artefacts, food) (Fig. 1.6). 

In Table 1.2 selected examples of temperature requirements for various building 
types, active spaces, and target users are presented. As indicated, the requirements 
for active spaces differ between built environment types, active spaces, and target 
users. When designers of built environments are creating a list of specific 
requirements, it is important to include all relevant information from: 


Requirements, recommendations 
Scientific studies 

Expert knowledge, and 

User opinion. 


Specifically, current requirements and recommendations are often defined on the 
characteristics of average users and not vulnerable ones. For example, temperature 
requirements and recommendations for a playground in a kindergarten may result in 
uncomfortable conditions for children (recommended operative temperature ranges 
for winter and summer periods, different categories). 

Additionally, in built environments, it is often necessary to simultaneously 
achieve the requirements for two different user types in the same active space. For 
example, in a patient room for burnt patients, user-centred healing-oriented 
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Fig. 1.7 Individualization of active space in a hospital environment (Dovjak 2012, p. 147) 


conditions for patients and comfort conditions for staff should be created (Dovjak 
2012; Dovjak et al. 2013, 2014, 2018). Nowadays systems are designed that enable 
the individualization of active space De, innovative systems to achieve healthy, 
comfortable, and stimulating conditions for individual users) (Fig. 1.7). 

The requirements for the parameters of thermal comfort depend on the intended 
use of the building, the type of the active space, the activity, and the characteristics 
of the individual users (e.g., people, animals, plants). All listed requirements present 
input data for the design of the building. By considering them, designers will follow 
the morphology of the engineering design process. Among the last steps is the 
selection and installation of efficient HVAC systems that support the functionality 
of the whole building. 


The purpose is to design a healthy, comfortable building (i.e., residential, 
public) with minimal possible use of energy and environmental impacts. 
Health, wellbeing and comfort are the core of the whole process of 
design. For this purpose, our starting point is individual vulnerable user 
with specific needs and demands (Dovjak et al. 2018). 
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1.4.1 Legal Framework Towards Energy Efficiency 


The energy crisis in the 1970s led to greater interest in reducing energy con- 
sumption and use of renewable energy in all sectors. The building sector is the 
largest single energy consumer in Europe, absorbing 40% of the final energy. The 
stock of buildings in the EU is relatively old, with more than 40% of it built before 
1960 and 90% before 1990. Old buildings typically use more energy than new 
buildings. About 75% of buildings are energy inefficient and, depending on the 
Member State, only 0.4—1.2% of the stock is renovated each year (EPBD proposal 
2016). The rate at which new buildings either replace this old stock or expand the 
total stock, is about 1% a year (European Parliament 2016; EPBD proposal 2016). 
The situation leads to the adoption and implementation of national and international 
legislation toward energy efficient buildings (EPBD-r 2010/3 1/EU; CPR 305/2011; 
Directive 2012/27/EU; Directive 2009/28/EC). 

The European Union (EU) aims to achieve an energy efficiency target of 20% energy 
savings by 2020 (EC 2020) and 27% by 2030 (EC 2030). The Energy Efficiency 
Directive 2012/27/EU (Directive 2012/27/EU) and the Energy Performance of 
Buildings Directive (EPBD-r 2010/31/EU) are the main energy efficiency policy 
instruments in the European Union for reaching these goals. Member States respond to 
the EED through national action plans (EPA 2017a). 

The Directive 2012/27/EU is a European Union directive which mandates en- 
ergy efficiency improvements within the European Union, and it introduces legally 
binding measures to encourage efforts to use energy more efficiently in all stages 
and sectors of the supply chain. It establishes a common framework for the pro- 
motion of energy efficiency within the EU in order to meet its energy efficiency 
headline target of 20% by 2020. The EPBD-r 2010/31/EU is an EU directive on 
Energy Performance of Buildings and sets the so-called “20-20-20” goals: 20% 
increase in energy efficiency, 20% reduction of CO, emissions, and 20% renew- 
ables by 2020. The Renewable Energy Directive 2009/28/EC (Directive 2009/28/ 
EC) mandates levels of renewable energy use within the European Union. The 
directive requires that 20% of the energy consumed within the European Union be 
renewable. This target is pooled among the member states. Overall the potential to 
achieve energy savings is the highest in the residential sector, which accounts for 
40% of the EU’s final energy consumption and 36% of its greenhouse gas emis- 
sions (Climate policy info hub 2017). On 30 November 2016, the Commission 
proposed an update of the EPBD. The main objectives of the EPBD proposal 
(2016) are: integrating long-term building renovation strategies, supporting the 
mobilization of financing and creating a clear vision for a decarbonized building 
stock by 2050; encouraging the use of information and communication technology 
and smart technologies to ensure that buildings operate efficiently; and streamlining 
provisions where they have not delivered the expected results. On 19 June 2018, the 
revised Energy Performance of Buildings Directive (EU) 2018/844 was published 
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in the Official Journal of the European Union, following its formal approval by the 
Parliament on 17 April 2018 and by the Council of Ministers on 14 May 2018. The 
directive came into effect on 9 July 2018. 

Construction Products Regulation, No. 305/2011 (CPR 305/2011) is an umbrella 
legal act on construction products. 


BOX 1.4 Construction product 

“Construction product’ means any product or kit that is produced and placed 
on the market for incorporation in a permanent manner in construction works 
or parts thereof and the performance of which has an effect on the perfor- 
mance of the construction works with respect to the basic requirements for 
construction works (CPR 305/2011). 


CPR is designed to simplify and clarify the existing framework for the placing 
on the market of construction products. Provisions of the CPR seek to: 


e Clarify the affixing of CE marking to construction products. Introduce the need 
to issue a declaration of performance as a basis for CE marking 

e Define clear rules for the assessment and verification of constancy-of- 
performance (AVCP) systems applicable to construction products (former 
Attestation of Conformity AoC) 

e Define the role and responsibilities of manufacturers, distributors, importers, 
notified bodies, technical assessment bodies, market surveillance and Member 
States’ authorities as regards the application of this EU regulation. Introduce 
simplified procedures enabling cost reductions for businesses, especially SMEs 
(small and medium-sized enterprises) 

e Provide a clear framework for the harmonized technical specifications Oe, 
harmonized standards and European Assessment Documents) (CPR 305/2011). 


BOX 1.5 Construction works 

“Construction works’ means buildings and civil engineering works (CPR 305/ 
2011). All subjects that are involved in the building design process must be 
aware that construction works and construction products must satisfy all basic 
requirements during the whole lifecycle. In this process, Basic Requirement 
No. 3, Hygiene, health and the environment, must not be overlooked. 


Construction works as a whole and their separate parts must be fit for intended 
use, taking into account, in particular, the health and safety of users involved 
throughout the life cycle of the work. Construction works must satisfy the basic 
requirements for an economically reasonable working life (Table 1.3). All 
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Table 1.3 Basic requirements for construction works in the field of built environment (CPR 305/ 


2011) 


Basic requirement 


1. Mechanical resistance 
and stability 


Description 


The construction works must be designed and built in such a 
way that the loadings that are liable to act on them during their 
construction and use will not lead to any of the following: 

(a) collapse of the whole or part of the work; (b) major 
deformations to an inadmissible degree; (c) damage to other 
parts of the construction works or to fittings or installed 
equipment as a result of major deformation of the load-bearing 
construction; (d) damage by an event to an extent 
disproportionate to the original cause 


2. Safety in case of fire 


The construction works must be designed and built in such a 
way that in the event of an outbreak of fire: (a) the load-bearing 
capacity of the construction can be assumed for a specific 
period; (b) the generation and spread of fire and smoke within 
the construction works are limited; (c) the spread of fire to 
neighbouring construction works is limited; (d) occupants can 
leave the construction works or be rescued by other means; 

(e) the safety of rescue teams is taken into consideration 


3. Hygiene, health, and the 
environment 


The construction works must be designed and built in such a 
way that they will, throughout their life cycle, not be a threat to 
the hygiene or health and safety of workers, occupants, or 
neighbours, nor have an exceedingly high impact, over their 
entire life cycle, on the environmental quality or on the climate 
during their construction, use, and demolition, in particular as a 
result of any of the following: (a) the giving-off of toxic gas; 
(b) the emissions of dangerous substances, volatile organic 
compounds (VOC), greenhouse gases or dangerous particles 
into indoor or outdoor air; (c) the emission of dangerous 
radiation; (d) the release of dangerous substances into ground 
water, marine waters, surface waters or soil; (e) the release of 
dangerous substances into drinking water or substances that 
have an otherwise negative impact on drinking water; (f) faulty 
discharge of waste water, emission of flue gases or faulty 
disposal of solid or liquid waste; (g) dampness in parts of the 
construction works or on surfaces within the construction works 


4. Safety and accessibility 
in use 


The construction works must be designed and built in such a 
way that they do not present unacceptable risks of accidents or 
damage in service or in operation, such as slipping, falling, 
collision, burns, electrocution, injury from explosion and 
burglaries. In particular, construction works must be designed 
and built taking into consideration accessibility and use for 
disabled persons 


5. Protection against noise 


The construction works must be designed and built in such a 
way that noise perceived by the occupants or people nearby is 
kept to a level that will not threaten their health and will allow 
them to sleep, rest, and work in satisfactory conditions 


(continued) 
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Table 1.3 (continued) 


Basic requirement Description 
6. Energy economy and The construction works and their heating, cooling, lighting, and 
heat retention ventilation equipment must be designed and built in such a way 


that the amount of energy they require in use shall be low when 
the account is taken of the occupants and of the climatic 
conditions of the location. Construction works must also be 
energy-efficient, using as little energy as possible during their 
construction and dismantling 


7. Sustainable use of The construction works must be designed, built, and demolished 
natural resources in such a way that the use of natural resources is sustainable and 
in particular ensure the following: (a) reuse or recyclability of 
the construction works, their materials and parts after 
demolition; (b) durability of the construction works; (c) use of 
environmentally compatible raw and secondary materials in the 
construction works 


requirements are transferred and implemented in the national legislation (e.g. 
Building Act OJ RS, No. 61/2017, chang.). 

Buildings are responsible for 40% of energy consumption and 36% of CO, 
emissions in the EU (EC 2016, 2017). While new buildings generally need fewer 
than three to five litres of heating oil per square metre per year, older buildings 
consume about 25 litres on average. Some buildings even require up to 60 litres. 
Currently, about 35% of the EU’s buildings are over 50 years old. By improving 
the energy efficiency of buildings, we could reduce total EU energy consumption by 
5-6% and lower CO% emissions by about 5% (EC 2017). 

Minimizing the environmental impact of buildings (Directive 2009/125/EC; 
Directive 2009/28/EC; Roadmap 2050; ECF 2010) and improving their energy 
efficiency (EPBD-r 2010/31/EU; Directive 2012/27/EV) are crucial in achieving the 
goals set by the Paris Agreement (EC 2017). At the Paris Climate Conference 
(COP21) in December 2015, 195 countries adopted the first-ever universal, legally 
binding global climate deal. The agreement sets out a global action plan to put the 
world on track to avoid dangerous climate change. Governments agreed on a 
long-term goal of keeping the average warming below 2 °C above pre-industrial 
levels; to aim to limit the increase to 1.5 °C, since this would significantly reduce 
the risks and impacts of climate change; on the need for global emissions to peak as 
soon as possible, recognising that this will take longer for developing countries; to 
undertake rapid reductions thereafter in accordance with the best available science. 
The Ecodesign Directive (2009/125/EC) sets minimum efficiency standards for 
technologies used in the building sector (e.g., boilers, hot water generators, pumps, 
ventilation, lighting, etc.). The Energy Labelling Directive (Council Directive 92/ 
75/EEC) obliges Member Stats to use energy efficiency labelling schemes for a 
number of products used in the building sector. 

The term “nearly zero-energy building” refers to a building that has a very high 
energy performance (EPBD). The nearly zero or very low amount of energy that 
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these buildings require should be obtained, to a large extent, from renewable 
sources, including energy from renewable sources produced on-site or nearby. 
Member States shall ensure that by 31 December 2020, all new buildings are nearly 
zero-energy buildings and after 31 December 2018, new buildings occupied and 
owned by public authorities are nearly zero-energy buildings (EPBD). 

The 2030 climate and energy framework sets three key targets for the year 2030: 
at least 40% cut in greenhouse gas emissions (compared to 1990 levels); at least 
27% share of renewable energy; at least 27% improvement in energy efficiency. 
The framework was adopted by EU leaders in October 2014. It builds on the 2020 
climate and energy package. It is also in line with the longer term perspective set 
out in the Roadmap for moving to a competitive low carbon economy in 2050, the 
Energy Roadmap 2050 and the Transport White Paper. 

An analysis of residential building regulations in eight Member States (BPIE 
2015) concludes: 


Indoor health and comfort aspects should be considered to a greater extent in 
European building codes than is current practice. When planning new nearly 
zero-energy buildings or nearly zero-energy buildings, refurbishments, 
requirements for a healthy and pleasant indoor environment should be included 
(BPIE 2015, p. 10). 


1.4.2 Legal Framework Towards a Healthy Environment 


The environment is a major determinant of health (WHO 2017). The absence and/or 
mastering of the risk factors in living and working environments is a basic pre- 
condition for protecting users’ health. Planners and designers of built environments 
are both legally and morally responsible for designing healthy and comfortable 
conditions. Furthermore, health is a basic human right and a priority in international 
and national legal acts and strategic documents. One international legal act that sets 
out human rights and freedoms and establishes a supervisory mechanism guaran- 
teeing their respect by the Member States is the 29th European Social Charter (OJ 
RS, No. 24/1999 with changes). Health is one of the basic rights set out in the 
Charter. Article 11 defines the right to protection of health. With a view to ensuring 
the effective exercise of the right to health protection, the Parties undertake, either 
directly or in co-operation with public or private organizations, to take appropriate 
measures designed, inter alia, to remove to the greatest extent possible the causes of 
ill-health. The European Convention on Human Rights (ECHR) (formally the 
Convention for the Protection of Human Rights and Fundamental Freedoms) is an 
international treaty to protect human rights and fundamental freedoms in Europe. 
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The health and safety of working environments are regulated by the 
Occupational Safety and Health Convention, 1981, which provides for the adoption 
of a coherent national occupational safety and health policy, as well as action to be 
taken by governments and within enterprises to promote occupational safety and 
health and to improve working conditions. For instance, protection against specific 
risks is regulated by the Working Environment (Air Pollution, Noise and Vibration) 
Convention, 1977 (No. 148)—[ratifications]. The convention provides that, to the 
greatest extent possible, the working environment shall be kept free from any 
hazards due to air pollution, noise, or vibration. To achieve this, technical measures 
shall be applied to enterprises or processes, and where this is not possible, sup- 
plementary measures regarding the organization of work shall be taken instead. 
Directive 89/391/EEC - OSH “Framework Directive” aims to introduce measures to 
encourage improvements in the safety and health of workers. It applies to all sectors 
of activity, both public and private, except for specific public service activities, such 
as the armed forces, the police or certain civil protection services. 

International legal requirements are transferred and implemented in the national 
legislation. The fundamental law of the Republic of Slovenia is the Constitution of 
the Republic of Slovenia. Article 72 stipulates that everyone has the right to a 
healthy living environment in accordance with the law (Constitution RS). 

Many areas are not yet regulated by law and are governed only by recom- 
mendations set by different organizations. Regulation and control vary greatly 
between countries and types of buildings. Regulatory frameworks and standards are 
influenced by a number of factors (e.g., climatic, cultural, constitutional, economic, 
and political). For example, England has adopted a qualitative, hazard-based 
assessment approach for conditions in houses: the Housing Health and Safety 
Rating System (HHSRS). The system estimates potential threats from the condi- 
tions in houses based on 29 potential hazards. The focus of regulations in seven 
countries can be directed toward five controlling points (i.e., environment and 
neighbourhood, materials used in construction, design and layout of the dwelling, 
provided amenities, basic equipment, use and maintenance of the dwelling). 
Existing housing stock should be improved, and any problems or hazards should be 
reduced; when the modern quantitative guidelines cannot be met, the approach 
should focus on the qualitative assessment of the dwelling. 

In summary, it is concluded that housing quality (e.g., construction materials, 
equipment installed, dwelling design) has a major direct or indirect impact on 
human health and that the health sector and relevant ministries should design and 
implement more detailed and clear regulations to control housing conditions 
regarding country priorities and specificities. A good regulatory system is necessary 
to achieve better health conditions in built environments. There should also be more 
promotion of health and healthy environments. In the development of housing and 
health policies, it is also important to consider social aspects (e.g., those on low 
incomes should be addressed as a priority) and vulnerable members of society 
(WHO 2017). 

Health, comfort and wellbeing are highlighted in EPBD-r 2010/31/EU, EPBD 
proposal (2016) and Directive (EU) 2018/844: 
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Measures to improve further the energy performance of buildings should take 
into account climatic and local conditions as well as indoor climate envi- 
ronment and cost-effectiveness. These measures should not affect other 
requirements concerning buildings such as accessibility, safety and the 
intended use of the building (EPBD-r 2010/31/EU, p. 2). 

Better performing buildings provide higher comfort levels and wellbeing 
for their occupants and improve health by reducing mortality and morbidity 
from a poor indoor climate. Adequately heated and ventilated dwellings 
alleviate negative health impacts caused by dampness, particularly amongst 
vulnerable groups such as children and the elderly and those with pre-existing 
illnesses (EPBD proposal 2016, p. 2). 

Member States should support energy performance upgrades of existing 
buildings that contribute to achieving a healthy indoor environment, ... 
(Directive (EU) 2018/844, p. 3). 


1.5 Relevant Problems in the Built Environment, User 
Complaints 


Implementation of legal requirements into national legislation has resulted in shifts 
towards energy efficiency in the building sector. Measures, such as additional 
thermal insulation of facades, improved windows, increased air tightness of 
building envelopes (resistance of the building envelope to inward or outward air 
leakage), were undertaken in public as well as residential buildings. However, the 
scope of solutions remains narrow and one-sided. This has resulted in improved 
energy efficiency, but at the same time in inadequate living and working conditions. 
Users, experts, and the media have already given attention to this problem. 

In 2008, Professor Aleš Krainer of the Faculty of Civil and Geodetic 
Engineering, Chair of Buildings and Constructional Complexes first drew attention 
to the so-called passive house movement. In the work titled “Passivhaus contra 
bioclimatic design” (2008) he compared bioclimatic houses and passive houses in 
terms of energy and indoor quality parameters. The main guidance of passive house 
design is to reduce the energy use for heating to less than 15 kWh/(m7a), which is 
sometimes described as a technical standard. For lowering transmissible energy 
losses through the transparent parts of the building envelope, the declared light 
transmittance (i.e., the proportion of the visible light spectrum that is transmitted 
through the glass) for glazing is at least 0.5. This value applies to idle conditions 
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with perpendicular radiation and clean surfaces on both sides of the glazing. 
Considering these two factors, a more realistic value of light transmittance is 0.36. 
In order to evaluate the effect of light transmittance on the heat and daylight balance 
of the building, Krainer (2008) carried out a comparative analysis of 27 randomly 
selected buildings using the aforementioned windows. 


BOX 1.6 Study evidence 

“In a passive house, energy use for heating was reduced, on average, by 15% annually, 
while average daylight illuminance was lower by 25% on average, compared to a 
bioclimatic house. In the worst case scenario, the reduction in energy use for heating 
was 13%, and the worsening of daylight illuminance was by 60%!” (Krainer 2008, 
p. 402). The lack of daylight in built environments has adverse effects on health, 
comfort and productivity (Nicklas and Bailey 1997; Hathaway et al. 1992). 


One of the implemented partial measures towards energy efficiency is often the 
installation of highly efficient mechanical systems, but with a lack of other holistic 
bioclimatic measures, which should be taken into account as priority actions. As a 
result, the savings are minimal. 


BOX 1.7 Study evidence 


The study on exergy consumption patterns for space heating in Slovenian buildings 
(Dovjak et al. 2010, p. 3004) showed that interventions performed on building 
envelope systems resulted in 6.25 times higher total building exergy saving potential 
than interventions in the efficiency of mechanical systems. Additionally, the com- 
bination of building system improvements and occupant’s behavioural changes 
resulted in a reduction of 75-95% of exergy consumption of heating and cooling 
(Schweiker and Shukuya 2010, p. 2983). Simple actions have influence not only on 
significant energy savings but also on improved thermal comfort conditions 
(Shukuya 2009, p. 1550) and occupant’s behavioural changes (Schweiker and 
Shukuya, 2010, p. 2976). 


As the built environment is for people living there, we need to have a better 
understanding of the nature of occupants, i.e., occupant behaviour and it is 
necessary to design the built environment so as to have the occupants be 
healthy and comfortable enough with less exergy consumption in heating or 
cooling systems (Shukuya 2013, p. 108). 


In HVAC systems, recuperators are commonly used to re-use waste heat from 
exhaust air normally expelled to the atmosphere. Such devices typically comprise a 
series of parallel plates of aluminium, plastic, stainless steel, or synthetic fibre, 
alternate pairs of which are enclosed on two sides to form twin sets of ducts at right 
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angles to each other, and which contain the supply and extract air streams. In this 
manner, heat from the exhaust air stream is transferred through the separating 
plates, and into the supply air stream. Manufacturers claim gross efficiencies of up 
to 80% depending upon the specification of the unit (Milovanéevié and Kosi 2016; 
Albers 2016). Many users report installation problems: 


BOX 1.8 Opinion evidence 


Some of the important disadvantages of the installed recuperator are noise and dry air. 
Moreover, it stopped working after 2 months of usage, because of clogged air filters. 


Another example is the installation of heat pumps, which are often advertised as 
economical and environmentally friendly technologies. The heat pump extracts the 
heat from its environment and passes it on, the reverse principle to refrigerating. 
The heat of the groundwater, the ground or the atmosphere is absorbed by the 
refrigerant and used to supply heat after compression (Albers 2016). Heat pumps 
can be used for space heating or providing domestic hot water. Users report diffi- 
culties with installation and functioning: 


BOX 1.9 Opinion evidence 

A heat pump does not produce water as hot as a boiler with a maximum flow 
temperature of 55 °C. Low temperatures result in greater energy savings, but they 
presented a critical point in complete control and prevention against Legionella spp. 
So, from that perspective thermal disinfection is not possible at all. Also, heat pumps 
are often shut down during summer period. 


In accordance with the requirements for water sanitation, the measurements for 
complete control and prevention against Legionella spp. should be performed (OJ 
RS, No. 19/2004; OJ RS, No. 88/2012; Joseph et al. 2005; Bartram et al. 2007; 
NIJZ 2017; HSE 2000). One such important measure is about water temperature; 
temperatures between 20 and 50 °C are favourable for the growth and reproduction 
of Legionella spp. Keeping the water temperature outside the ideal range for 
legionellae is an effective control measure for both hot and cold-water systems 
(WHO 2017). 

Designers are mostly familiar with the specific requirements that are under their 
jurisdiction. It often happens that they do not cooperate with other experts during 
the planning and design process. Requirements are often unilateral, excluding or 
contradicting each other. As an example, we should mention the Slovenian national 
legislation, the rules on ventilation and air-conditioning of buildings (OJ RS, 
No. 42/2002, chang.) define a minimum number of air changes per hour per room 
(living, working) at 0.5. Fulfilment of this requirement results in decreased venti- 
lation losses and inadequate indoor air quality. 
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Design should be in the direction towards healthy and comfortable indoor 
environments with the lowest possible energy use and not the lowest energy 
use based on the physiological minimum (Krainer 2008, p. 399). 


Measures taken to improve building energy efficiency rarely consider their 
impact on indoor environmental quality. The same problem was highlighted in the 
study by Földváry et al. (2017), who evaluated the impact of simple energy ren- 
ovation on indoor air quality, air exchange rates, and occupant satisfaction in 
Slovak residential buildings: 


BOX 1.10 Study evidence 

Földváry et al. (2017, p. 363) showed that CO, concentrations were significantly 
higher and air exchange rates were lower in renovated buildings. Formaldehyde 
concentrations increased after renovation and were positively correlated with CO2 
and relative air humidity. Energy renovation was associated with lower occupant 
satisfaction with indoor air quality. 


Hribar et al. (2017) performed a case study on multi-dwelling residential 
building in which the effect of an increased number of air changes (from 0.7 ach to 
1.0 ach) was evaluated from energy and air quality perspectives: 


BOX 1.11 Study evidence 

Building case with a higher number of air changes (1 ach) resulted in a minimal 
increase of total energy use (heating, cooling, lighting, interior heat sources) com- 
pared to the building case with the lower number of air changes (0.7 ach) (2.63% 
changes). Additionally, a higher number of air changes (1 ach) resulted in consid- 


erable improvement in indoor air quality parameter, CO2 (30.0% changes) (Hribar 
et al. 2017, p. 29). 


In Slovenia, the problem of minimization of ventilation losses by minimal 
permissible design ventilation rates was highlighted by Dovjak et al. (2019). Such 
approach is supported by national legislation that often allows the use of minimal 
permissible values for ventilation, while other required and recommended optimal 
values are not taken into consideration: 
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BOX 1.12 Study evidence 

In the work titled “Deteriorated Indoor Environmental Quality as a Collateral 
Damage of Present Day Extensive Renovations” (Dovjak et al. 2019), a com- 
bination of simulations of selected parameters of indoor air quality and building 
energy use was performed for five sets of scenarios, where design ventilation 
rates varied according to national legislation. Characteristics of actual kinder- 
garten in central Slovenia, renovated in 2016, were used for building model and 
performed simulations. The results showed that minimal permissible value, 
ACH 0.5, results in the highest concentration of CO2 in both model playrooms 
that exceeded the national maximum permissible level for acceptable indoor air 
quality by 2.5 times and 3 times, and the recommended value for Category I by 
5.6 times and 6.6 times. Formaldehyde concentrations in both model playrooms 
reached almost the value recommended by WHO (World Health Organization) 
and exceeded the level recommended by NIOSH (National Institute for 
Occupational Safety and Health, CDC) by 4.6 and 4.5 times. The required and 
recommended design ventilation rates have to be in-line with scientific findings 
that support higher required design ventilation rates to attain optimal indoor air 
quality (Dovjak et al. 2019, p. 31). Design ventilation rates have to consider the 
highest amount of fresh air per person (i.e. actual number of occupants) and the 
highest amount of fresh air per m? due to possible emissions. At the first stage of 
design, it is important to select non-toxic construction products (Dovjak et al. 
2019, p. 38). 


Nevertheless, the required and/or recommended thermal comfort parameters 
De, air temperature, operative temperature, surface temperature, relative humidity) 
are mainly based on characteristics of an average person (i.e., a 30-year old male, 
weighing 70 kg, and 1.75 m tall; a 30-year old female, weighing 60 kg and 1.70 m 
tall) and do not satisfy individual needs, as proven with studies by Hwang et al. 
(2007), Mallick (1996), Nicol (2004). Moreover, in every environment, vulnerable 
population groups are always present. Designing indoor conditions based on 
averages results in uncomfortable or even unhealthy conditions for many people. 

Finally, the subjects that are involved in the design process often act indepen- 
dently without including other professionals in different design stages. Due to the 
lack of knowledge on specific issues, some non-functional solutions are developed 
(e.g., dysfunctional layouts of health facilities, as pointed out by employees). 


BOX 1.13 Opinion evidence 


Due to financial cutbacks, the initial layouts for the ambulance room size were 
minimized, between corridors and inspection rooms curtains were installed and not 
doors, many rooms are without windows, there is a huge lack of privacy, 
manoeuvring patients is not possible, there is a lack of daylight and poor indoor air 
quality. 
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In this health institution, the layouts were designed without consideration of the 
actual number of users (e.g., patient, staff), specifics of working process and 
installed devices (e.g., number, sizes, layout). Such active spaces do not serve the 
purpose for which they were designed. 


1.6 Most Common Problems in the Built Environment— 
Epidemiological Data 


The WHO estimated that the environment, as a major health determinant, accounts 
for almost 20% of all deaths in the WHO European Region. A degraded urban 
environment, with air and noise pollution and lack of green spaces and mobility 
options, also poses health risks (WHO 2017; WHO Europe 2007). Housing-related 
inequalities are one of the environmental health inequality indicators set by the 
WHO. Inadequate housing conditions exist in all sub-regions and in all countries 
and are most often suffered by disadvantaged population groups. The WHO esti- 
mates for 11 housing hazards, related, for example, to noise, damp, indoor air 
quality, cold, and home safety, show that in the WHO European Region inadequate 
housing accounts for over 100,000 deaths per year. 

There are 18-50% of buildings on a global scale, and 18% of buildings in 
Europe with excessive indoor moisture and humidity problems (Mudarri and Fisk 
2007). In Europe, 15% of the general population is affected by dampness in the 
home in the EU15 (for the 15 Member States belonging to the EU before May 
2004) versus 18% in the NMS12 countries (for the 12 Member States joining the 
EU after May 2004). However, within these regional averages, strong national 
variations are observed. The lowest prevalence is found in Finland, where only 5% 
of the population live in damp homes; similarly, low levels were found in Sweden 
and Slovakia. Slovenia has the highest prevalence at 30%, followed by Cyprus at 
29%; 32.4% of people in Slovenia live in homes with leafy roofs, damp walls and 
floor bases, damaged window frames or floors (National Housing Program 2015- 
2025 2015). In some European countries, 20-30% of households have problems 
with damp, which increases the risk of respiratory disorders by 50%. 

The inability to keep homes warm constitutes a housing issue among both the 
new Member State (NMS12) countries (18.4% prevalence among the general 
population) and—although to a lesser extent—the EU15 countries (6.9% preva- 
lence). Globally, the proportion of the general population unable to keep their 
dwellings comfortably cool in summer is higher than the proportion unable to keep 
their homes warm in winter, showing that summer temperatures may be a rising 
problem. Much higher prevalence levels can be found among NMS12 countries 
(average 37.7%) than among the EU15 countries (average 24.2%). 

The overall prevalence of complaints about noise from neighbours or from the 
street varies by country between 10 and 35%, with an average of 22% across the 
EU27 (WHO 2009). About every tenth lung cancer case results from radon in the 


32 1 Introduction 


home. Poor design or construction of homes is the cause of most home accidents. In 
some European countries, home accidents kill more people than road accidents do. 
Appropriate design can prevent both exposure and the risk to health. 

Other adverse effects of the built environment on health, comfort, and 
wellbeing: Users are exposed to numerous adverse health effects that are directly or 
indirectly related to the quality of the environment. Environmental stressors De, 
environmental factor intensities severe enough to require a compensatory response 
at any level of biological mechanisms, Wedemeyer and Goodyear 1984), such as 
chemical stressors (e.g., air quality) or physical stressors (e.g., noise, light, air 
temperature), can affect human bodies throughout the life cycle, including the 
prenatal phase. Environmental stressors can affect health on various levels including 
gene modification, changes in cellular activity and growth, changes in specific 
processes in tissue or the body. Consequently, regarding the type of the stressor, 
dose, duration of exposure, and vulnerability, the exposure can lead to the occur- 
rence and development of the disease or its exacerbation. Asthma, allergies, 
temperature-related impacts on comfort and human performance, are disorders of 
circadian rhythms are examples of adverse effects caused by stressors in built 
environments. 

Global results show that asthma has a higher prevalence in low-income urban 
communities with high levels of air pollution, poor indoor air quality, as well as in 
water-damaged, mouldy homes (EPA 2017b; Miinzel and Daiber 2018). Research 
shows that asthma disproportionately impacts minority children; however, it is a 
common disease found in people over age 65. In the built environment, indoor air 
pollution and other kinds of contamination can lead to or exacerbate asthma (EPA 
2017b). Design of buildings must consider these issues in order to reduce envi- 
ronmental stressors in built environments and help in asthma prevention (EPA 
2017b; Jantunen et al. 2011). 

Allergies are accepted as a significant public health problem that is frequently 
observed worldwide (Giil and Atli 2014). It is characterized by an abnormal 
immune response to environmental antigens, which are frequently encountered. The 
World Allergy Organization reported that 22% of the participants in global scale 
studies suffered from at least one allergy (Warner et al. 2006). In recent years, there 
has been an increase in the prevalence of allergic diseases, especially in developed 
countries (Hong et al. 2012). Risk factors for an allergy can be evaluated in two 
categories: host factors and environmental factors. Environmental factors related to 
the built environment that can trigger the disease are indoor and outdoor air pol- 
lution, chemicals, mould, and dust exposure, etc. Defining and avoiding the allergen 
in built environments is the most efficient approach for the prevention and pro- 
tection against environmental allergic diseases (Gül and Atli 2014). 

Environmental stressors, specifically parameters of thermal comfort, might cause 
temperature-related effects. According to Ikaheimo (2013), the effect of heat and 
cold exposure on the human body include unpleasant sensations (cold, pain, hot), 
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decreased performance (physical and cognitive), symptoms, morbidity (cardiovas- 
cular and respiratory diseases), injuries (frostbite, hypothermia, hyperthermia, heat 
stroke), and mortality. The risks of extreme temperature conditions on health have 
been growing over the years, especially due to increased frequency of extreme 
weather events due to climate change. Populations vulnerable to heat and cold are 
the elderly, those with chronic diseases, children, and socially isolated persons. 

The FINRISK 2007 study (Nayha et al. 2014) examined the ambient temperatures 
considered to be hot and the upper limit of comfortable and the prevalence of 
heat-related complaints and symptoms in the Finnish population (N = 4007, 25-74 
yrs.). The authors highlighted that a large percentage of the studied population 
suffers from heat-related complaints (signs or symptoms of heat strain, thirst, drying 
of mouth, impaired endurance and sleep disturbances, cardiac and respiratory 
symptoms). The temperature considered to be hot averaged 26 °C and the upper 
limit for thermal comfort was 22 °C. Both temperatures declined with age by 1-5 °C 
(Nayha et al. 2014). The PHEWE-project (Michelozzi et al. 2009) evaluated the 
impact of high environmental temperatures on hospital admissions in 12 European 
cities. For a 1 °C increase in maximum apparent temperature above a threshold, 
respiratory admissions increased by +4.5% and +3.1% in the 75+ age group in 
Mediterranean and North-Continental cities, respectively. The association between 
temperature and cardiovascular and cerebrovascular admissions did not reach sta- 
tistical significance. WHO MONICA (Barnett et al. 2007) analysed the effect of 
temperature on systolic blood pressure on 25 populations in 16 countries (N = 115, 
434). The results proved that a 1 °C decrease in temperature increases blood pres- 
sure. Additionally, it was highlighted that indoor temperature also correlated with 
blood pressure. The temperature of the environment might also have a significant 
effect on work performance. A review of worldwide studies by Seppänen et al. 
(2003) found no significant relationship of temperature to productivity in the comfort 
zone but reported an average 2% decrease in work performance per degree Celsius 
temperature rise, when the temperature was above 25 °C. The bioclimatic design of 
built environments is a critical action in managing heat and cold. 

Daylight as a positive environmental stressor regulates our circadian rhythm 
De, a biological process that displays an endogenous, entrainable oscillation of 
about 24 h). Several characteristics of light interact to influence circadian functions, 
including quantity, spectrum, spatial distribution, timing, and duration. Current 
design practice often results in too low indoor daylight levels, which consequently 
affect our circadian systems. 

In particular, the blue part of the light spectrum affects alertness both indirectly, 
by modifying circadian rhythms, and directly, giving rise to acute effects. 
A systematic review of 68 empirical studies by Souman et al. (2018) identified that 
increasing the intensity of polychromatic white light was found to increase sub- 
jective ratings of alertness in a majority of studies. Additionally, inadequate daylit 
buildings might have an impact on the sleep quality. Düzgün and Durmaz (2017) 
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determined the effect of light therapy on sleep problems and slept quality of elderly 
people (N = 61, from Social Security Institution Narlidere Municipal Nursing 
Home, Turkey). The authors highlighted that the exposure to direct sunlight 
between 8 AM and 10 AM for 5 days seems to be effective in increasing the sleep 
quality. Rea et al. (2002) highlighted that the design practice, as well as the 
industry, should begin to optimize light’s quantity, spectrum, spatial distribution, 
timing and duration to support circadian system functions as well as visual system 
functions. 


1.7 Main Objectives of Planning 


The main objectives of healthy and sustainable building planning and well-being 
are: 


e To understand the human-building-environment relationship with emphasis on 
the health of users 

e To know and define basic concepts and terminology 

e To understand interconnections between natural processes inside the human 
body and technological processes inside the built environment (anatomical, 
physiological, pathological bases) 

e To understand why the health and productivity of users is more important the 
energy use in buildings 

e What the consequences are if we do not follow the basic principles of the design 
process 

e Legal and moral responsibility 

e To know how to collaborate with different profiles/sectors in the process of 
building design 

e Support the suggestions with scientifically supported facts and evidence-based 
practices 

e To know how to choose the right research studies and be critical to existing 
studies and claims in the media. 


The most important goal is to design a healthy, comfortable building for living 
and working environments with minimal energy use and without negative envi- 
ronmental impacts. Furthermore, it is essential to create optimal conditions for users 
that promote health, comfort and greater productivity, and at the same time energy 
efficiency with minimal environmental impact. It is a highly complex and 
demanding process that requires experts with technical skills and knowledge in 
physiology, anatomy, health, etc. Consequently, a multidisciplinary cooperation 
approach between disciplines and professions as well as constructive communi- 
cation is needed. 


1.7 Main Objectives of Planning 35 


Citizens and politicians, bankers and lawyers, engineers and planners, 
designers and scientists are all indispensable and influential parts in the 
design, planning and management of a quality environment for all 
(Bartuska 2007, p. 5) 


One of the most important stakeholders, actively involved in participa- 
tory design of built environment, are users that live and work there 
(Mahabadi et al. 2014). 
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Chapter 2 A 
Health Outcomes Related to Built SE 
Environments 


Abstract This chapter is dedicated to understanding the conceptual differences 
between healthy and unhealthy built environments (Sect. 2.1) as well as comfort- 
able and uncomfortable conditions (Sect. 2.2) by using standardized professional 
terminology. In Sect. 2.3, the role of wellbeing in the sustainable building concepts 
is discussed and further addressed in the context of eco-friendly, green, and 
low-carbon buildings. The largest part of this chapter is devoted to various health 
effects related to exposure to health risk factors in the built environment (Sect. 2.4). 
In Sect. 2.5, health outcomes shown by reviewed epidemiological studies in Europe 
and worldwide are detailed. The chapter concludes with a determination of priority 
environments in public and residential buildings as well as vulnerable population 
groups (Sect. 2.6). 


2.1 Healthy Versus Unhealthy Buildings 


Health is a state of complete physical, mental and social well-being and not 
merely the absence of disease or infirmity (WHO 1946). 


The term health was defined by the World Health Organization (WHO) in 1946 
and entered into force on 7 April 1948. The definition has not been amended since 
1948 (WHO 1946). 

The definition of health has evolved. In 1948, in a radical departure from pre- 
vious definitions, WHO proposed a definition that aimed higher: linking health to 
well-being, in terms of “physical, mental, and social well-being, and not merely the 
absence of disease and infirmity” (WHO 2005). Moreover, in 1986, WHO (1986) 
adopted a broad definition of health: “Health is a state of well-being and the 
capability to function in the face of changing circumstances.” Currently, multiple 
definitions of health exist, from medical, sociological, psychological to physical 
definitions. 
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The health statuses of individuals and communities are influenced by many 
factors known as “health determinants”. A model of wider health determinants was 
developed by Dahlgren and Whitehead (1991) and adapted by Barton and Grant 
(2006) to focus on neighbourhoods and planning. It emphasises the role of place 
and the built environment in contributing to health and well-being. 


According to the WHO, the main health determinants include the social and 
economic environment, the physical environment, and the person’s individual 
characteristics and behaviours (WHO 2017a, p 1). 


Between levels of health determinants, a continuous interaction exists (Fig. 2.1). 
In this respect, dynamic relationships among major influences on health and 
well-being were emphasized in a model created by Evans and Stoddart (1990): 
social environment, physical environment, genetic endowment, individual response 
(behaviour and biology), health care, disease, health and function, well-being, and 
prosperity. 

According to the model of Barton and Grant (2006), the natural and built 
environments are critical health determinants, both of which can influence a pop- 
ulation’s health. 


Natural Individuals Community Built environment 
environment 
e Air, water, land, ° Age, sex, e Social capital e Rural, suburban, urban 
soil, food hereditary e Networks e Landscape, cities, regions, 
e Natural habitats factors *Local and Earth 
e Biodiversity e Lifestyle, diet, macro- e Streets, routes 
e Global ecosystem, physical activity economy, e Products, materials 
etc. «Income politics e Buildings, interior, structures: 
e Culture e Global forces active spaces, functional 
e Activities e Health care zones 
e Work-life service, social ` e Places 
balance, etc. service, etc. ¢ Transportation, etc. 


Fig. 2.1 Conception of the health determinants and total built environment 
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A Dictionary of Epidemiology defined the term “environment” as “all that 
which is external to the individual human host and it can be divided into 
physical, biological, social, cultural, etc.” (Last 2011). 


The environment, environmental factors (or influences) and their interactions 
have an essential role in creating disability, as well as the relevance of associated 
health conditions and their effects. Therefore, the built environment and other 
external factors have also been added to the International Classification of 
Functioning, Disability and Health (WHO 2001) as important determinants of 
health and disability. 

Before we define a healthy building, environmental health should be mentioned, 
because it is the main element that contributes to it. 


WHO (1989) defines environmental health as “those aspects of human 
health and disease that are determined by factors in the environment”. 

The concept of the healthy building was introduced by Ho et al. (2004) 
and defined as a “built environment that encourages positive well-being of 
human beings”. 


Environmental health includes both the direct pathological effects of chemicals, 
radiation, and some biological agents, and the effects (often indirect) on health and 
wellbeing of the broad physical, psychological, social and aesthetic environment, 
which includes housing, urban development, land use, and transport (Novick 1999). 
Environmental health also refers to the theory and practice of assessing and con- 
trolling factors in the environment that can potentially affect health. In this respect, 
it presents a branch of environmental public health that is concerned with all 
aspects of the natural and built environment that may affect human health. Towards 
the efficient control of factors that can potentially affect health, the requirements that 
we have to fulfil to create healthy environment must be defined. In the compre- 
hensive work on Environmental health by Yassi et al. (2001), five basic require- 
ments for a healthy environment were listed: 


. Clean air 

. Safe and sufficient water 

. Safe and nutritious food 

. Safe and peaceful settlements 

. A stable global ecosystem suitable for human habitation. 


nABWN ra 


As was presented in Chap. | in detail, buildings are a crucial component of the 
total built environment as well as a health determinant. Generally, the term “healthy 
building” is widespread in many national and international strategies, programmes, 
and actions and is used as an approach in many epidemiologic or building 
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engineering studies and projects. Ho et al. (2004) pointed out some characteristics 
that a healthy building should have: 


e A healthy building should not be too densely populated 

e Its window design and layout should facilitate natural ventilation and diffusion 
of daylight 

e It should be isolated from noise and air pollution sources 

e Its water supply and waste systems should be appropriately installed, main- 
tained, and managed 

e Its environmental conditions should be clean and hygienic. 


On the Healthy Buildings website, a healthy building is described as “an 
efficient building that allows the people within the building to operate at their 
highest functionality. A building is a machine that works on behalf of us 
humans. The goal of the building is to enable the humans working within the 
structure to operate at their peak efficiency. If the building enables the people 
within to work in a productive, happy environment, then it creates a more 
efficient and profitable asset for the building owner” (Turner 2016). 


Numerous researchers have attempted to define the main elements and factors of 
healthy buildings. For example, the multifactorial elements that contribute to the 
healthy building by Loftness et al. (2007) were: 


Healthy, sustainable air 

Healthy, sustainable thermal control 

Healthy, sustainable light 

Workplace ergonomics and environmental quality 
Access to the natural environment 

Land use and transportation. 


In a comprehensive literature review by Mao et al. (2017), the meaning of 
“healthy building” was defined, and 30 impact factors in the life cycle of healthy 
buildings were identified using bibliometric analysis and expert interviews. 
Additionally, on a case study of Tehran, policies and strategies for the architectural 
design of healthy buildings were determined: quality of life, productivity, equity 
and social inclusion, environmental sustainability, and infrastructure 
(Mohtashami et al. 2016). A special issue on “Sustainable and healthy buildings” 
was published in the journal Energy and Buildings (Kim 2012), in which a strategic 
basis for understanding how sustainable, healthy buildings can be designed, con- 
structed, and maintained was provided. 

The relationship between the health of an inhabitant and the building’s state was 
studied in one of the largest Pan-European surveys, called Velux 2017. The survey 
included feedback from 14,000 respondents in 14 EU countries. For the purpose of 
the survey, nine indicators for healthy homes were defined, which cover: 
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Indoor air quality 

Daylight 

Sleep quality 

Energy costs 

Environmental impact from building materials. 


One of the main findings of the survey was “a healthy home is of primary 
importance for healthy living for Europeans” (Velux 2017, p 13). 

In contrast to the terms “health” or “healthy environment”, there is no stan- 
dardized professional definition of a healthy building. If we summarized the 
officially accepted definitions of health (WHO 1946; WHO 1989) and healthy 
environment (WHO 2017a), a healthy building may be better defined as: 


A healthy building is a component within a healthy built environment 
and is the living or working environment where all health risk factors are 
fully prevented, and optimal conditions for the health and wellbeing of 
individual users are attained. Optimal conditions include stimulating and 
healing-oriented conditions, which result in the fulfilment of specific 
needs for individual users and vulnerable ones. 


An unhealthy building is a living or working environment where users 
are exposed to health risk factors and their parameters, without the 
attainment of optimal conditions for individuals, especially vulnerable 
ones. 


At this point, the most important question is: “Who is responsible for the 
design of healthy buildings within healthy built environments and, conse- 
quently, the prevention of health risk factors?” 

The Velux study determined that 42% of Europeans assign owners the highest 
level of responsibility (Velux 2017). Experts often have the same opinion as the 
general public does, despite the fact that the responsibility is shared among all 
involved subjects throughout the entire life cycle of the buildings, according to the 
CPR 305/2011. Individuals are unlikely to be able to directly control many of the 
health determinants in built environments. Improving health is a shared responsi- 
bility of healthcare providers, public health experts, and a variety of other 
actors in the community who can contribute to the well-being of individuals and 
populations (Institute of Medicine 1997). In this context, designers have to col- 
laborate with experts and building users in order to provide optimal conditions for 
users that promote health. Therefore, shifting the responsibility to the occupants 
shall not be allowed at any stage of the design of built environments. 
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2.2 Comfortable Versus Uncomfortable Conditions 


Health is only possible where resources are available to meet human needs 
and where the living and working environment is protected from life 
threatening and health threatening pollutants, pathogens and physical hazards 
(WHO 1992). 


Satisfaction of fundamental human needs (Maslow 1943) by reaching the optimal 
stimulating, healthy, and comfortable conditions for each individual user (WHO 
1946) is the main goal of the design of built environments. 


2.2.1 Satisfaction of Human Needs in the Built 
Environment and the Process of Homeostasis 


Every human being is daily subject to a large number of needs that arise as a result 
either of some imbalances inside the body or outside factors. According to 
Maslow’s (1943) theory, human needs are positioned in the shape of a pyramid. 
The largest and most fundamental physiological needs (i.e., breathing, food, water, 
sleep, homeostasis, avoiding pain, sexuality, etc.) are positioned at the bottom level, 
and the psychological needs (i.e., safety, love, belonging, esteem, self-actualization) 
are positioned at higher levels. Maslow’s theory suggests that the most basic level 
of needs must be met before an individual will strongly desire (or focus motivation 
upon) the secondary or higher level needs (Maslow 1943). The absence of the 
fulfilment of basic needs is much more difficult to tolerate than any dissatisfaction 
regarding higher needs. 

Environmental parameters of thermal comfort are one of the basic physiological 
needs (Maslow 1943). The physiological needs can be fulfilled with the mechanism 
of homeostasis or progressively (Musek and Pečjak 2001). This is a condition for 
the state of homeostasis of the human body, which enables dynamic equilibrium 
within the body and its surroundings. For example, the cell membrane maintains 
homeostasis through the processes of diffusion, osmosis and filtration, which are 
passive forms of transport. The total daily diffusional turnover of water across all 
the capillaries in the body is approx. 80.000 litres per day (Brandis 2013). 

Homeostasis is maintained by regulatory mechanisms that operate through 
negative feedback mechanisms (Bresjanac and Rupnik 1999; Cannon 1926). 
Thermoregulation is part of the homeostatic mechanism that maintains the body’s 
null energy and mass balance (Bresjanac and Rupnik 1999; Cannon 1926). All 
homeostatic control mechanisms have three essential components: detector, inte- 
grator, and effector. The detector monitors and responds to stimuli in the envi- 
ronment Oe, thermo-receptors in the skin and in the hypothalamus). It sends 
information to an integrator that sets the range at which a variable is maintained. 
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The integrator (i.e., thermo-regulatory centre in the hypothalamus) determines an 
appropriate response to the stimulus and sends signals to an effector (i.e., vasomotor 
system, metabolic effectors, sweat glands). After receiving the signal, a change 
occurs to correct the deviation by enhancing it with feedback mechanisms 
(Bresjanac and Rupnik 1999). The system works in such a way that deviations 
between the set point and the measured values are as small as possible. The result is 
a stable cell environment (Bresjanac and Rupnik 1999). In addition to Maslow, 
other systems of fundamental human needs and human-scale development exist, 
such as Manfred Max-Neef’s taxonomy of human needs (Manfred et al. 1989), in 
which needs are positioned without a hierarchy. Human needs in this taxonomy are 
understood as a system of interrelations and interactivities. Manfred et al. (1989) 
believed that what changes with time and across cultures is the way that these needs 
are satisfied. 


2.2.2 Overall Comfort 


Comfort is defined as: “a state of physical ease and freedom from pain or 
constraint” (Oxford Dictionaries 2017). Uncomfortable conditions are 
defined as those “not feeling comfortable and pleasant, or not making you feel 
comfortable and pleasant” (Oxford Dictionaries 2017). 


The term “comfort” combines all impact factors that are related to the environ- 
mental quality of a healthy building: thermal comfort, air quality, daylighting, 
sound comfort, universal design, and ergonomics. There are constant interactions 
among parameters of environmental quality factors (Fig. 2.2). 

The creation of comfortable conditions for all users is an essential task for 
building designers as well as system engineers. “But how can comfortable con- 
ditions be achieved in a building?” One good example of the total achievement of 
comfortable conditions is a breastfeeding baby in his mother’s embrace (Fig. 2.3), 
which represents a perfect microenvironment in which all the baby’s needs are 
fulfilled: basic physiological needs such as food, water; comfortable thermal 
environment, optimal level of illumination, the sweet smell and taste of breastmilk, 
high level of ergonomics, known sounds of the heart beating and breathing, as well 
as higher needs for love, safety, privacy, and protection. In the same way as the 
attainment of conditions in the microenvironment for a breastfeeding baby, we have 
to create conditions inside the active spaces (medium environment) of active zones 
(macro environment of the whole building). We have to take into consideration 
every parameter of overall comfort, with the primary definition of optimal 
parameters for individual uses. 

Several studies have indicated that there are individual differences in percep- 
tions of comfort, determined by gender, age, ethnic differences, acclimatization, 
adaptation, the effect of health status, etc. Moreover, the thermal environment’s 
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velocity, relative etc. uniformity area, etc. 
humidity of the air, etc. ratio, window 
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Fig. 2.2 Impact factors and parameters related to the environmental quality of a healthy building 


influence on occupants’ perceptions of indoor environmental quality depends on 
various external (i.e., environmental conditions) and internal factors Oe, user’s 
preferences, experiences, consciousness, etc.). Geng et al. (2017) performed a study 
on the impact of the thermal environment on occupants’ perceptions of indoor 
environmental quality (IEQ) and productivity in a controlled office under various 
temperature conditions. The results showed that the variation of the thermal envi- 
ronment not only affected thermal comfort but also had a “comparative” impact on 
the perception of other IEQ factors. When the thermal environment was unsatis- 
factory, it weakened the “comfort expectation” of other IEQ factors, which 
accordingly resulted in less dissatisfaction with other IEQ factors. Conversely, 
when the thermal environment was quite satisfying, it raised the “comfort 
expectation” of other IEQ factors, which lowered the evaluation of the real per- 
formance of other IEQ factors retroactively. In this respect, interactive influences 
among factors should be considered. 
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Fig. 2.3 Microenvironment 
of a breastfeeding baby in 
mother’s embrace 


2.2.3 Thermal Comfort 


Thermal comfort is described as “a recognizable state of feeling, usually 
associated with conditions that are pleasant and compatible with health and 
happiness; and discomfort, with pain which is unpleasant” (Gagge et al. 
1967). 


According to the definition by the American Society for Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) (2013), thermal 
comfort is defined as a “condition of mind that expresses satisfaction with the 
thermal environment and is assessed by subjective evaluation”. Work on 
Human Thermal Environments by Parsons (2014) states that “thermal com- 
fort is a state people strive for when they feel discomfort”. 


A human being’s thermal sensation is influenced by metabolic rate and clothing, as 
well as the environmental parameters (air temperature, mean radiant temperature, 
air velocity and air humidity) (ISO 7730: 2005; Fanger 1970), individual 
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characteristics (e.g., gender differences, anthropometric characteristics, cultural 
differences), and health status (Dovjak et al. 2013; Dovjak 2012; Hwang et al. 
2007). A significant effect of gender, age, acclimatization and health status on 
individual perceptions of thermal comfort conditions has also been proven by 
studies (Schellen et al. 2010, 2012; Hwang et al. 2007; Karjalainen 2007; Skoog 
et al. 2005; Parsons 2002; Wallace et al. 1994; Martin et al. 1992; Silverman et al. 
1958). 

In general environments, optimal thermal comfort conditions need to be 
achieved for the highest possible user satisfaction and productivity (Prek and Butala 
2012; Dovjak 2012). Several studies have proved that the optimal thermal envi- 
ronment for the general population and built environments (mainly offices) tends to 
the slightly cool side of thermal sensation. Lan et al. (2012) proved that such 
comfortable “cool” environments are beneficial for the performance of office work. 
Avoiding elevated temperatures in winter and in summer can bring measurable 
benefits (Lan et al. 2012). Shukuya (2013) and Simone et al. (2011) showed that the 
minimum exergy consumption rate (i.e., the rate of exergy, which is used only for 
thermoregulation) was associated with thermal sensation votes (TSV) (“vote” in 
this context means a point of time when a human subject filled out a thermal 
sensation scale during exposure) close to thermal neutrality but tending to the 
slightly cool side of thermal sensation. 

Furthermore, in the general environment and population, there are significant 
variations in thermal acceptance between individuals. A quantitative interview 
survey with a total of 3,094 respondents in Finland showed significant gender 
differences in thermal comfort and temperature preference. Females are less satis- 
fied with room temperatures than males are, prefer higher room temperatures than 
males do, and feel both uncomfortably cold and uncomfortably hot more often than 
males do. Although females are more critical of their thermal environments, males 
use thermostats in households more often than females do (Karjalainen 2007; 
Schellen et al. 2012). However, several studies also indicate that the thermal neutral 
temperature and optimum thermal condition differ between young adults and the 
elderly. Schellen et al. (2010) concluded that the elderly preferred a higher tem- 
perature in comparison to young adults. 

In reality, designers are often confronted with the highly demanding task of 
designing conditions for specific environments, such as hospitals, which are a 
complex environment that can be treated as a three-dimensional system of specific 
users (patients, staff, visitors), as well as specific activity and active spaces. In 
active spaces, the required conditions for patients need to support medical treatment 
and result in quicker recovery and positive health outcomes. Immediately after the 
definition of specific user needs for comfort conditions, the building systems that 
enable creating those conditions have to be defined. 

User diversity is the main guidance when designing buildings, and systems. In 
most cases, conventional HVAC systems are designed as interventions in active 
spaces, based on the requirements of an average user and are not suitable for the 
selected individual user. Dovjak (2012) concluded, “to fulfil specific individual 
requirements, new systems are needed”. Individual climates have already been 


2.2 Comfortable Versus Uncomfortable Conditions 53 


introduced in cars. Local ventilation is used in working environments with a pos- 
itive impact on productivity (Melikov et al. 2002). Overall individualization of 
personal space that would enable individual generation and control of all factors 
of environmental ergonomics has been implemented in a test environment by the 
research group of Dovjak and colleagues (Dovjak et al. 2013, 2014; Dovjak 2012). 

The innovative system creates optimal conditions for health care and treatment 
of burn patients with lower human body exergy consumption rates, valid for 
thermoregulation, minimal evaporation, radiation, and convection. For health care 
workers and visitors, the low exergy (LOwEx) system Oe, heating-cooling ceiling 
radiative panels) creates individual thermal comfort zones by allowing the setting of 
air temperature and mean radiant temperature. For the LowEx system, the measured 
energy use for heating was 11-27% lower and for cooling 32-73% lower than for 
conventional systems (Dovjak et al. 2013, 2014; Dovjak 2012). 

Improving comfort has to be one of the main drives for renovations and not just 
saving energy. Interestingly, users are aware of these issues. Velux (2017), a series 
of Pan-European surveys, determined that renovation, mainly due to increased 
comfort conditions and health, is one of the leading motives of occupants. 
Moreover, not only for renovation, but Europeans also value comfort the most 
when choosing a new home. 


2.3 Wellbeing and Sustainable Buildings 


As part of the definition renewal efforts in 1948, the term health was associated with 
the high level of well-being (wellbeing, or wellness) (WHO 1986). 


High level of well-being is described as a dynamic process in which the 
individual is actively engaged in moving toward fulfilment of his or her 
potential (Medical Dictionary 2017). 


Wellness refers to diverse and interconnected dimensions of physical, mental, 
and social well-being that extend beyond the traditional definition of health. It 
includes choices and activities aimed at achieving physical vitality, mental alacrity, 
social satisfaction, a sense of accomplishment, and personal fulfilment (Naci and 
Ioannidis 2015). It means in some sense the individual or group’s condition is 
positive. 

There exist several models of wellbeing. Diener’s tripartite model of subjective 
well-being is one of the most comprehensive models of well-being in psychology 
(Tov and Diener 2013). Carol Ryff’s multidimensional model of psychological 
well-being (Ryff and Keyes 1995) postulated six factors that are key to well-being: 
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Autonomy 

Environmental Mastery 
Personal Growth 

Positive Relations with Others 
Purpose in Life 
Self-Acceptance. 


In Carol Ryff’s model, wellbeing is quantitatively evaluated by a series of 
statements reflecting the six areas of psychological well-being. Respondents rate 
statements on a scale of 1—6, with 1 indicating strong disagreement and 6 indicating 
strong agreement. For each category, a high score indicates that the respondent has 
a mastery of that area in his or her life. High scores indicate that the respondent 
makes effective use of opportunities and has a sense of mastery in managing 
environmental factors and activities, including managing everyday affairs and 
creating situations to benefit personal needs (Ryff and Keyes 1995). 


An example statement for environmental mastery is: “In general, I feel I am in 
charge of the situation in which I live” (Ryff and Keyes 1995). 


The five-item WHO Well-Being Index (WHO-5) is among the most widely 
used questionnaires assessing subjective psychological well-being. Since its first 
publication in 1998, the WHO-S has been translated into more than 30 languages 
and has been used in research studies all over the world (Topp et al. 2015). The 
WHO-S is a short questionnaire consisting of five simple and non-invasive ques- 
tions, which tap into the subjective well-being of the respondents. The WHO-5 
items are (Topp et al. 2015): 


(Q1) “I have felt cheerful and in good spirits”, 

(Q2) “I have felt calm and relaxed”, 

(Q3) “Ihave felt active and vigorous”, 

(Q4) “I woke up feeling fresh and rested” and 

(Q5) “My daily life has been filled with things that interest me” 


We can note that the quality of built environments affects the subjective 
well-being and the quality of our lives. As people age, their quality of life is largely 
determined by their ability to maintain autonomy and independence (Public Health 
England 2016; WHO 2002). “Do the conditions in current buildings allow us to 
attain wellbeing of an individual or a group?” Supporters of popularized sus- 
tainable design, eco-friendly, green and low carbon architecture claim that their 
building practices expand and complement the classical building design concerns of 
economy, utility, durability, and comfort (EPA 2009). 
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Quality of life is “an individual’s perception of his or her position in life in 
the context of the culture and value system where they live, and in relation to 
their goals, expectations, standards and concerns. It is a broad ranging con- 
cept, incorporating in a complex way a person’s physical health, psycho- 
logical state, level of independence, social relationships, personal beliefs and 
relationship to salient features in the environment” (WHO 2017b, p. 1). 


2.3.1 Sustainable, Eco-friendly, Green and Low Carbon 
Buildings 


The term harmonized, nature-oriented (ecological) development was defined by 
the Council of Europe in 1966. It stands for a development in one direction, within 
a specific area. For example, economic development indicates a process of devel- 
opment of a country or region in the direction of increasing wealth in order to 
achieve the well-being of the population. The verb to sustain means “to maintain; 
keep in existence; keep going; prolong” (Bossel 1999). The term sustainable 
development was defined by the Brundtland Report in 1987 and by the UN 
Conference on Environment and Development in Rio de Janeiro in 1992 (WCED 
1987; Rio Declaration 1992). 


Sustainable development means the development where all four aspects are 
equally balanced: health, environmental, social and economic (Rio Declaration 
1992). 


The World Commission on Environment and Development (WCED) (1987) 
states that sustainable development is “a development that meets the needs of the 
present without compromising the ability of future generations to meet their own 
needs”. Therefore, it provides all the inhabitants of the planet appropriate quality of 
life. Sustainable development of human society has environmental, material, eco- 
logical, social, economic, legal, cultural, political and psychological dimensions 
that require attention (Bossel 1999). Their mutual interactions are emphasized in the 
framework of Environmental Impact Assessment (EIA) defined by Directive 201 1/ 
92/EU (Directive 2011/92/EU, Directive 2001/42/EC). Sustainability is a dynamic 
concept and involves a time dimension (Bossel 1999). 

Nowadays, the term is often popularized and exploited, especially in the 
building sector. Generally, incorrect definitions are in use, where only one aspect of 
development is well considered, while others are ignored. Examples of buildings 
and their negative consequences on health were presented in Chap. 1. 
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Moreover, controversies exist among environmentalists who argue that sus- 
tainable development was formulated by economists, as an environmentally 
friendly capitalism, in order to pacify people and to promote environmental values. 
Consequently, it is necessary to understand that for humans the environment is 
irrelevant if one is not part of it as an active element that lives and works in it. An 
equitable, environmentally and physically sustainable society that exploits the 
environment at the highest sustainable rate would still be psychologically and 
culturally unsustainable. Unsustainability is one alternative to sustainability 
(Bossel 1999). Unsustainable activities are all human activities that have a neg- 
ative impact on the environment and health. If it is assessed, for any human activity, 
that it is unsustainable, it should be abstained from and not performed (EC 1992). 

Currently, several building certification schemes to measure the sustainability 
of the buildings (Ding 2008) exist: Leadership in Energy and Environmental 
Design (LEED), Research Establishment Environment Assessment Methodology 
(BREEAM), Deutsche Gesellschaft fiir Nachhaltiges Bauen (DGNB), Haute 
Qualité Environnementale (HQE), etc. These tools audit selected criteria, which 
score the investigated parameter and sum up and weight the partial scores to arrive 
at the final score that evaluates the sustainability of a building (Potrč et al. 2017). 
The parameters can be quantitative, and the score is obtained based on the quan- 
titative result for a parameter. Qualitative parameters are most often assessed based 
on criteria that determine whether a certain standard is achieved or not (Forsberg 
and von Malmborg 2004). 

The existing sustainable building certification schemes already include selected 
aspects related to comfort, well-being, and productivity of occupants. For 
example, air quality, water quality, visual and overall comfort (mostly related to 
thermal and acoustic comfort), are topics well covered in LEED, DGNB, BREEM. 
Mind (assessing parameters influencing the mental state of the occupants), fitness 
(assessing parameters connected to the increase of physical activity of the occu- 
pants), and nourishment (accessing parameters related to the fresh, wholesome 
food) are not covered in the existing certification schemes (Potré et al. 2017). 
Currently, a specialized certification scheme called WELL, launched by The 
International Well Building Institute in 2014, focuses on the assessment of health- 
and well-being-related questions in the built environment (WELL 2016). 
A similar certification program is the Living Building Challenge, created by the 
International Living Future Institute in 2006 (Living Building Challenge 2017). 
Other tools that evaluate the sustainability of a building are Health, Wellbeing and 
Productivity in Offices published by the World Green Building Council (WGBC 
2014) and FitWell launched by the Center for Active Design (Fitwel 2016). 

Based on established knowledge, Potré et al. (2017) performed a comparative 
analysis of the existing building certification schemes on health aspects. Potrč and 
colleagues (2017) concluded that the WELL building certification scheme can be 
used as a complementary scheme that supports the existing building certification 
schemes. Some of the topics are duplicated, but generally, the WELL certification 
scheme focuses only on the aspects connected to health and wellbeing while other 
certification schemes put greater emphasis on other aspects. 
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Additionally, Markelj et al. (2014) highlighted that current tools and methods are 
either focused only on individual topics or are too complex and not adapted to 
independent use by architects. They proposed a simplified method for evaluating 
building sustainability that can be used in the early design phase. The use of 
building certification schemes is not required. Many of the investors decide to 
perform a certification to show their awareness and to gain a better insight into the 
performance of their buildings (Potré et al. 2017). 

The term “green architecture” only came into use in the 1990s (The Economist 
2004), but the movement’s roots can be traced back a long way. Crystal Palace in 
Hyde Park, London, designed by Joseph Paxton (Crystal Palace 2008), and Milan’s 
Galleria Vittorio Emanuele II designed by Giuseppe Mengoni (Milan 2012), for 
example, built in 1851 and 1877 respectively, used roof ventilators and under- 
ground air-cooling chambers to regulate the indoor temperature. Green building 
(also known as green construction or sustainable building) has a similar approach as 
eco-friendly building and refers to both a structure and the application of processes 
that are environmentally responsible and resource-efficient throughout a build- 
ing’s life-cycle: from planning to design, construction, operation, maintenance, 
renovation, and demolition (EPA 2009). LEED (Leadership in Energy and 
Environmental Design) developed by the U.S. Green Building Council is a 
building certification scheme for the design, construction, operation, and mainte- 
nance of green buildings (EPA 2009). 


Eco-friendly building or ecological construction is building a structure that 
is beneficial or non-harmful to the environment, and resource efficient. This 
type of construction is efficient in its use of local and renewable materials, 
and in the energy required to build it, and the energy generated while being 
within it (SustainableBuild 2017). 


Due to legal requirements towards low carbon economy, low-carbon design 
emerged. Low-carbon buildings are buildings designed and constructed to release 
very little or no carbon at all during their lifetime. They are designed according to 
the standard Low-Carbon Buildings Method TM 2011, Buildings Construction, A 
Simplified Methodology for Estimating GHG Emissions from Buildings 
Construction. They are specifically engineered with greenhouse gases reduction in 
mind. 


A low-carbon building is a building that emits significantly fewer greenhouse 
gases than regular buildings. 


The existing movement towards eco-building, sustainable building, 
low-carbon building, and green building has been used in many studies, 
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especially in engineering. However, these studies cannot represent the health status 
of buildings comprehensively and appropriately (Mao et al. 2017). 

What is required to make all those energy efficient buildings healthy? In the 
field of building design, many legal acts and standards that separately cover issues 
related to energy, environment or comfort exist. When all those requirements and 
recommendations are combined in the design process, they might be even con- 
tradictory. Moreover, current certification schemes are often not mandatory and 
performed after the decision has been made by investors. For the design of healthy 
and sustainable buildings, an integral certification system that combines existing 
“energy and environmental” schemes with “health and wellbeing schemes” are 
needed. 

The passive house standard (IPHA 2018) defines criteria for the certification of 
passive building: space heating and cooling requirements, primary energy 
requirements, airtightness, and thermal comfort. Although the current standard 
stands for quality, comfort and energy efficiency in general buildings, the qualita- 
tive and quantitative criteria for indoor environmental quality, namely indoor air 
quality, daylighting, and noise issues are defined insufficiently, especially in rela- 
tion to a building, system, and user characteristics. The defined criteria are pre- 
sented as minimal values, which often results in insufficient indoor environmental 
conditions. Therefore, the design of overall comfort conditions in current practice 
often depends on the designer’s and/or investor’s awareness. Moreover, especially 
energy use and indoor quality issues are also related to user behaviour (Schweiker 
et al. 2018), and they might be changed as soon as the building is used. Designed 
values might not result in proper indoor air quality, so it is important to raise the 
awareness of building occupants how to change or regulate building and its 
systems. 

The WELL Building Standard (WELL 2016) focuses solely on the health and 
wellness of building occupants. It identifies 100 performance metrics, design 
strategies, and policies that can be implemented by the owners, designers, engi- 
neers, contractors, users, and operators of a building. WELL certification can be 
applied to new and existing buildings (i.e., commercial, institutional), building 
interiors as well as core and shell. The WELL Building Standard is organized into 
seven categories of wellness called concepts: air, water, nourishment, light, fitness, 
comfort and mind. Every feature is ascribed to human body systems (e.g., car- 
diovascular, digestive, endocrine systems) and is intended to address specific 
aspects of occupant health, comfort, or knowledge. Projects become certified on the 
basis of the dynamic rating system, according to the number of features that are 
sufficiently satisfied. The final WELL Score is calculated based on the total pre- 
conditions and optimizations achieved across the board—not as a function of 
averaging independent concept scores. To maintain WELL certification, projects 
must be recertified a minimum of every three years, because building conditions can 
deteriorate over time to the point of adversely affecting the health and wellness of 
occupants. The WELL protocol requires highly qualified assessor (WELL 2016). 

The design of a healthy buildings is a highly demanding process that requires 
participatory design, in which all stakeholders including end users are actively 
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involved. Regarding the fact that health issues are unsystematically and insuffi- 
ciently covered in the existing sustainability building standards, they might be 
complemented with the concepts presented in the WELL Building Standard. 
Although the main advantage of the existing WELL Building Standard is its 
comprehensiveness, it can be upgraded by more systematic classification of the 
health and wellbeing concepts. 


2.4 Health Effects in the Built Environment 


Because of the busy pace of modern life—performing daily activities related to 
work, commuting, taking care of kids, cooking and cleaning, watching television, 
connecting on social media, and more—people are spending most of the day 
indoors. 

The National Human Activity Pattern Survey (NHAPS) performed a two-year 
probability-based telephone survey (N = 9,386) of exposure-related human activi- 
ties in the United States sponsored by the U.S. Environmental Protection Agency 
(EPA) (Klepeis et al. 2001). The results of the survey (total sample N = 9.196) 
showed that respondents spent 68.7% of the time in a residence, 5.4% in an office or 
factory, 1.8% in a bar or restaurant, 11% in some other indoor location. The total 
time spent indoors was 86.9%; 5.5% of the time was spent in a vehicle and 7.6% 
outdoors. These results are comparable with U.S. time-budgets reported by 
Robinson and Thomas (1991) from a 1985 study and Canadian time budgets 
reported by Leech et al. (1996). For both these studies, which span a period of about 
a decade, respondents reported spending 89% of their time indoors with 5% in a 
vehicle and 6% outdoors. Smith (1993) showed that the differences between 
developed and less-developed countries, and urban and rural environments. The 
percentage of time spent indoors in less developed countries was 79% for urban 
environments and 65% for rural environments. The percentage of time spent out- 
doors in less developed countries was 21% for urban environments and 35% for 
rural environments (Smith 1993). 

According to the report of the European Commission, Directorate General for 
Health and Consumers (Jantunen et al. 2011) and the EC (2007), people spend 60- 
90% of their lives in indoor environments. Ribble Cycles surveyed (2017) more 
than a thousand adults in Britain, finding that the average person spent 92% of their 
time indoors on a weekly basis. However, vulnerable groups of people, such as the 
elderly, immobile persons, patients etc., spend even more time indoors. Most 
children spend approximately one fourth of the day in day-care centres, schools, 
and other educational institutions. The National Kids Survey determined that after 
school they prefer to choose technology-centred activities than nature-based 
activities (Larson et al. 2011). Data from the National Kids Survey by Larson et al. 
(2011) (N = 1,450 U.S. households with children ages 6-19, from 2007 to 2009) 
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showed that, in general, most children (>62.5%) spent at least two hours of time 
outdoors daily. Similar conclusions were made in a National Trust survey (N = 
1,001 parents with children aged between four and 14), in which researchers found, 
on average, children were playing outside for just over four hours a week, compared 
to 8.2 h a week when the adults questioned were children (The Guardian 2016). 

During the time spend inside built environments we are exposed to numerous 
environmental hazards. 


An environmental hazard is a substance, state or event that has the potential 
to threaten the surrounding natural environment and/or adversely affect 
people’s health. 


A number of systems used to characterize environmental hazards exists (Stevens 
and Hall 1993). According to the book “Basic Environmental Health” by Yassi 
et al. (2001), environmental hazards are most commonly classified as either: 


biological, 
chemical, 

physical, 
biomechanical, and 
psychosocial. 


Exposure to these hazards can affect human health. The extent of the effects is 
dependent on their exposure dose, type of pollutants, exposure time, and individual 
characteristics (Erzen et al. 2010; Yassi et al. 2001). Poor indoor environmental 
quality conditions (i.e., thermal discomfort, inadequate air quality, noise, lack of 
daylight, electromagnetic radiation, etc.), longer exposure times, the presence of 
vulnerable population groups, and increased user susceptibility may increase the 
risk of adverse health effects. Health effects (or health impacts) are changes in 
health resulting from exposure to a source. 

Health effects resulting from exposure to a source in a built environment should 
be an important topic not only for environmental public health but also for the 
engineering sciences. The prevention of health effects in the built environment is 
the main activity in every step of design. In a review by Lavin et al. (2006), many 
health impacts in built environments were defined according to the type of health 
hazard (i.e., radon, environmental tobacco smoke, cooking pollutants, volatile 
organic compounds, asbestos). The most common health outcome in research 
studies and public media is Sick Building Syndrome (SBS). Sick Building 
Syndrome is often confused with Building-Related Illness (BRI). Therefore, for 
further understanding, it is important to distinguish between them. 
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2.4.1 Sick Building Syndrome Versus Building-Related 
Illness 


The US Environmental Protection Agency (EPA 1991) describes Sick Building 
Syndrome (SBS) as situations in which building occupants experience acute health 
and comfort effects that appear to be linked to time spent in a building, but no 
specific illness or cause can be identified. The complaints may be localized in a 
particular room or zone or may be widespread throughout the building. The 
characteristic symptoms of SBS that may occur singly or in combination with each 
other are headache, eye, nose, or throat irritation, dry cough, dry or itchy skin, 
dizziness and nausea, difficulty in concentrating, fatigue and sensitivity to odours 
(Redlich et al. 1997; ECA 1989; Burge et al. 1987). In contrast, the term 
Building-Related Illness (BRI) is used when symptoms of a diagnosable illness 
are identified and can be attributed directly to airborne building contaminants (EPA 
1991). SBS does not include diseases caused by exposure to a specific cause in the 
environment (e.g., mould, spores or allergens) (Redlich et al. 1997). The main 
differences between SBS and BRI are presented in Table 2.1. 

The syndrome first appeared in the 1970s with the development of 
energy-efficient buildings equipped with mechanical systems for heating, ventila- 
tion, and air-conditioning (HVAC). Some of the possible causes are the use of 
synthetic building materials, overcrowded workplaces, and stress in the workplace. 
Currently, none of the environmental factors has been identified as the sole cause of 
SBS, and the latter is likely to be a common consequence of biological, chemical 
and organic agents, as well as personal and individual factors (Redlich et al. 1997). 


Table 2.1 Differences between Sick Building Syndromesick building syndrom (SBS) and 
Building-Related Illness (BRI) (Burge 2004; Redlich et al.1997; EPA 1991) 


Indicators Description 
SBS BRI 
Symptomatology | Building occupants complain of Building occupants complain of 
symptoms associated with acute symptoms, such as cough; chest 
discomfort, e.g., headache; eye, tightness; fever, chills; and muscle 
nose, or throat irritation; dry aches 
cough; dry or itchy skin; dizziness 
and nausea; difficulty in 
concentrating; fatigue; and 
sensitivity to odours 
Diagnosis Non-diagnosable illness Diagnosable illness 
Aetiology The cause of the symptoms is not The symptoms can be clinically 
(cause) known defined and have clearly 
identifiable causes 
Duration Most complainants report relief Complainants may require 
soon after leaving the building prolonged recovery times after 
leaving the building 
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Approximately 30% of new and renovated buildings worldwide may be 
affected by SBS (WHO 1983). 


SBS symptoms may occur in residential and public buildings (Sahlberg et al. 
2013; Takigawa et al. 2012; Araki et al. 2010; Engvall et al. 2001; Scheel et al. 
2001). In studies on residential buildings in Japan (N = 871, Takigawa et al. 2012; 
N = 620, Araki et al. 2010), and residential buildings in three northern European 
cities (N = 159, Sahlberg et al. 2013), from 12% to 30.8% of occupants were 
identified as having SBS symptoms. Moreover, in the studies on public buildings in 
Canada (N = 1,390, Bourbeau et al. 1997), UK (N = 4.373, Burge et al. 1987), USA 
(N = 600, Woods et al. 1987) from 20% to 50% of workers experienced SBS 
symptoms. 

A comprehensive study (Burge et al. 1987) performed in the UK on 4,373 office 
workers in 42 public buildings revealed that 29% of those studied experienced five 
or more of the characteristic SBS symptoms. An investigation carried out by Woods 
et al. (1987) on 600 office workers in the US concluded that 20% of the employees 
experienced SBS symptoms and most of them were convinced that this reduced 
their working efficiency. Additionally, a study on 1,390 workers in 5 public 
buildings in Quebec, Canada (Bourbeau et al. 1997) showed that 50% of workers 
experienced SBS symptoms. Moreover, much higher prevalence of SBS was 
demonstrated in hospital environment than in other public buildings. A review 
study by Kalender Smajlović et al. (2019) found that the prevalence of SBS was 
from 41% to 87%. 


SBS is characterized by “non-specific symptoms, occurring while living/ 
working in the building and not causing a specific disease or infection. Due to 
individual differences and non-specific symptoms, some experts do not define 
SBS as an independent syndrome. Currently there exist more than 50 possible 
symptoms of SBS that appear in different combinations and strengths” (Burge 
2004, p. 185, Redlich et al. 1997, p. 1013). 


In general, we divide symptoms into five groups (ECA 1989): 


e Nasal manifestations: nasal irritation, rhinorrhoea, nasal obstruction 

e Ocular manifestations: dryness and irritation of the mucous membrane of the 
eye 

e Oropharyngeal manifestations: dryness and irritation of the throat 

e Cutaneous manifestations: dryness and irritation of the skin, occasionally 
associated with a rash on exposed skin surfaces 

e General manifestations: headaches and generalized lethargy and tiredness 
leading to poor concentration. 
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Unlike SBS, BRI is usually grouped into four groups (ECA 1989): 


Allergy, asthma, rhinitis 

Hypersensitivity pneumonitis (extrinsic allergic alveolitis) 
Humidifier fever 

Infections (bacterial, fungal, viral). 


2.5 Health Outcomes Related to Unhealthy Built 
Environments 


Health outcomes are “a change in the health status of an individual, group or 
population which is attributable to a planned intervention or series of inter- 
ventions, regardless of whether such an intervention was intended to change 
health status’ (WHO 1998, p. 10). 


Findings from the relevant epidemiological studies and reports are mainly focused 
on European populations and are presented later in this book. A Pan-European 
study, Velux (2015) (N = 12,000, October 2014), demonstrated a clear correlation 
between unhealthy buildings and people who have rated the parameter of 
self-perceived health as “poor”. Today, one out of six Europeans—or the equivalent 
of Germany’s population—reports living in unhealthy buildings. More than 
one-and-a-half times as many people who live in unhealthy buildings have poor 
health compared to those who live in healthy buildings. 

The most common indicators of inadequate indoor environments are (Velux 
2015): 


building dampness, 

poor indoor air quality, 
uncomfortable thermal environment, 
excessive noise, and 

lack of daylight. 


In addition, safety, space, accessibility, location, and immediate surroundings are 
significant influences of the internal environment (Lavin et al. 2006). They cause or 
affect health outcomes and result in diseases and injuries, such as respiratory, 
nervous system and cardiovascular diseases, and cancer (WHO 1992). 

Global Health Observatory (GHO) data (WHO 2017c) revealed that in 2012, 
12.6 million people died as a result of living or working in an unhealthy 
environment, representing 23% of all deaths. When accounting for both death and 
disability, the fraction of the global burden of disease due to the environment is 
22%. In children under five years, up to 26% of all deaths could be prevented, if 
environmental risks were removed. For effective interventions, all indicators of 
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inadequate indoor environments must be eliminated. In the following subchapters, 
(Sects. 2.5.1 to 2.5.5), the most important ones will be more precisely defined. 


2.5.1 Building Dampness 


One of the most common indicators of an inadequate indoor environment is 
building dampness. 


The term building dampness includes: “the increased indoor air humidity 
and/or damp construction complexes that often results in mould growth” 
(WHO 2009a; p. 2, Kukec et al. 2015, p. 36). 


Building dampness most frequently results from inadequate ventilation, 
improper design of the building envelope and systems, inadequate damp-proof 
membrane, damaged plumbing systems, floods, occupants’ habits, and the 
position of furniture. In addition to inequalities in building and system design, 
activities and occupant behaviour are significant causes of dampness. Velux (2015) 
showed that 65% of all Europeans dry clothes indoors at least once a week, and 
only 28% ventilate rooms more than once a day during winter, which is needed to 
obtain optimal indoor air quality. 

Building dampness in the indoor built environment may constitute a sub- 
standard living and working condition. It indicates the presence of water damage, a 
leaking roof, rot in window frames and floors, visible mould or condensation. 
Building dampness is associated with a broad array of detrimental health effects in 
adults and children (Fisk et al. 2010). The most common of these are related to the 
deterioration of the respiratory system (Mudarri and Fisk 2007), including a higher 
prevalence of respiratory symptoms, increased risk of asthma, wheezing, cough 
(Pirastu et al. 2009), bronchitis, common cold and rhinitis (Pirhonen et al. 1996). 

Epidemiologic studies and cost-effect analysis in the US and the EU have 
revealed that building dampness has a substantial public health and economic 
impact (Fisk et al. 2010). Researchers from the U.S. Department of Energy’s 
Lawrence Berkeley National Laboratory (Berkeley Lab), concluded that building 
dampness and mould raised the risk of a variety of respiratory and asthma-related 
health outcomes in the U.S. by 30-50%. The public health and economic impact of 
dampness and mould was assessed by Mudarri and Fisk (2007), who determined 
that of the 21.8 million people reported to have asthma in the U.S., approximately 
4.6 million cases are estimated to be attributable to dampness and mould exposure 
at home. They estimated that in the US national annual cost of asthma that is 
attributable to dampness and mould exposure at home was $3.5 billion (Mudarri 
and Fisk 2007). 
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A pan-European study, Velux (2015) (N = 12,000, October 2014), revealed that 
80 million Europeans live in damp and unhealthy buildings, which nearly 
doubles the risk of developing asthma. The cost to European societies of asthma 
and chronic obstructive pulmonary disease is €82 billion per year (Velux 2017). In 
fact, people are 40% more likely to have asthma when living in a damp or mouldy 
home, and today, 2.2 million Europeans have asthma as a result of their living 
conditions. Half of that amount goes to direct costs such as medicine and care. The 
other half is calculated as indirect costs due to loss of work productivity (Velux 
2017). 


2.5.2 Uncomfortable Thermal Environment 


Uncomfortable thermal environment in a building is directly related to the 
building and systems efficiency on the specific location. Additionally, family 
income plays a key role in ensuring a comfortable thermal environment. This means 
that household’s ability to keep the home adequately warm or cold is dependent on 
the indicator of fuel poverty (a person is to be regarded as living “in fuel poverty” if 
he is a member of a household living on a lower income in a home which cannot be 
kept warm at reasonable cost) (WHECA 2000). In Europe, between 50 and 125 
million people are estimated to suffer from fuel poverty and the Epee Project reveals 
that this number will inevitably rise in the future as global energy prices increase 
(BPIE 2014). 

It is important to recognize that a household’s inability to keep the home 
adequately warm or cold has serious health consequences. In a European 
cross-country analysis (Healy 2003), a statistically significant association between 
poor housing thermal efficiency and high levels of winter mortality was found. 
According to the recent Marmot Review Team report (2011) on the health impacts 
of cold housing and fuel poverty, excess winter deaths (EWDs) in England, are 
associated with thermal efficiency of housing and low indoor temperatures. About 
40% and 33% of excess winter deaths are attributable to cardiovascular and res- 
piratory diseases respectively, the risk of excess winter death being almost three 
times higher in the quartile of houses with the coldest indoor temperatures than in 
the warmest quartile. European studies on the burden of disease of inadequate 
housing quantified as 30% the proportion of excess winter deaths attributable to 
cold housing (Braubach et al. 2011). Results of the pan-European study, Velux 
(2017) showed that forty-five percent of people keep their temperatures down in 
order to lower their energy bills. Twice as many Europeans report poor health when 
they are unable to keep their dwelling at a comfortable temperature in the winter; 
20% of Europeans report poor health when they are living in cold home, and 9% of 
Europeans report poor health when they are living in a comfortably warm home. 

Climate change is expected to cause increases in heat-related mortality, espe- 
cially from respiratory and cardiovascular diseases (Basagafia et al. 2011). Children 
and the elderly are the most vulnerable groups. The effects of heat on morbidity 
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across all age groups and across a wider range of temperatures in Rhode Island were 
clarified by Kingsley et al. (2016). Their findings suggest that the current population 
of Rhode Island would experience substantially higher morbidity and mortality if 
maximum daily temperatures increase further as projected. 


2.5.3 Poor Indoor Air Quality 


Indoor air is often more seriously polluted than outdoor air even in the largest and 
most industrialized cities (EPA 2017). Indoor air may contain over 900 chemicals, 
particles and biological materials with potential health effects (EC 2007). 

Problems of indoor air quality are recognized as important risk factors for human 
health in low-, middle- and high-income countries. WHO (2016) reported: 


e Globally, 4.3 million people a year die from exposure to household air 
pollution. 

e Over 4 million people die prematurely from illness attributable to the 
household air pollution from cooking with solid fuels. 

e More than 50% of premature deaths due to pneumonia among children under 
5 are caused by particulate matter (soot) inhaled from household air pollution. 

e 3.8 million premature deaths annually from noncommunicable diseases 
including stroke, ischaemic heart disease, chronic obstructive pulmonary disease 
(COPD) and lung cancer are attributed to exposure to household air pollution. 


Hazardous substances emitted from buildings, construction materials and 
indoor equipment or due to human activities indoors, such as combustion of fuels 
for cooking or heating, lead to a broad range of health problems and may even be 
fatal. World Health Organization (WHO 2010) identified five important hazardous 
substances which have been linked to respiratory diseases including asthma, lung 
cancer and mesothelioma by the: 


radon 

environmental tobacco smoke (ETS) 
cooking pollutants 

volatile organic compounds and 
asbestos. 


A pan-European study, Velux (2015) revealed that unhealthy indoor air quality 
is a concern for Europeans; 24% of Europeans are very concerned, and 59% have 
above average concern. They rank this concern at the same level as financial and 
job insecurity. A total of 35% of Europeans rank both indoor air quality of the 
highest importance if moving to a new house. If they were to choose a new home, 
42% would give the highest importance to the indoor air; 89% would give it above 
average importance, resulting in an indicator score of 6. A total of 28% have made 
changes within the last five years to improve indoor air quality. Moreover, 55% of 
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Europeans aged 60 to 65 assign indoor air quality the highest importance, compared 
to 31% of the 18—29-year olds. 


2.5.4 Excessive Noise 


Noise pollution is considered not only an environmental nuisance but also a threat 
to public health (WHO 2011). In indoor environments, we are exposed to numerous 
noise sources emitted from outdoor to indoor environments. Sound protection of 
buildings provides protection against the following sources of noise: 


e external noise (e.g., traffic noise, noise from industrial facilities), 
airborne noise (i.e., transmitted by air and atmosphere), 
structure-borne noise from other spaces (i.e., transmitted when sound arises 
from the impact of an object on a building element such as a wall, floor, or 
ceiling), 

e noise of operating equipment (e.g., HVAC), and 

e reverberation noise Oe. collection of reflected sounds from the surfaces in an 
enclosure). 


The results of the classification of buildings by sound protection in the EU show 
that the large majority of the buildings are classified into Class D (poor sound 
insulation of the building envelope, internal constructional complexes) (Rasmussen 
2010). Inadequate sound protection of buildings consequently results in increased 
occupant exposure. Epidemiological studies indicate that those chronically exposed 
to high levels of environmental noise have an increased risk of cardiovascular 
diseases, such as myocardial infarction. The evidence from epidemiological studies 
on the association between exposure to road traffic and aircraft noise and hyper- 
tension and ischaemic heart disease has increased in recent years. Night-time noise 
is thought to be particularly problematic as it can affect sleep with subsequent 
impacts on health (WHO 2009b). 

One of the negative effects of exposure to noise is tinnitus (Oe. the sensation of 
sound in the absence of an external sound source). In some people, tinnitus can 
cause sleep disturbance, cognitive effects, anxiety, psychological distress, depres- 
sion, communication problems, frustration, irritability, tension, inability to work, 
reduced efficiency and restricted participation in social life. Globally, tinnitus 
caused by excessive noise exposure has long been described; 50-90% of patients 
with chronic noise trauma report tinnitus (WHO 2011). 

To estimate the environmental burden of disease (EBD) due to environmental 
noise, a quantitative risk assessment was performed by WHO (2011). The EBD is 
expressed as disability-adjusted life years (DALYs). DALYs are the sum of the 
potential years of life lost due to premature death and the equivalent years of 
“healthy” life lost by virtue of being in states of poor health or disability. The 
burden of disease due to environmental noise has been recently estimated for 
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western European countries with a range of 1.0-1.6 million DALYs lost across all 
health outcomes (WHO 2011). The estimates are 61,000 DALYs for ischaemic 
heart disease, 45,000 for cognitive impairment of children, 903,000 for sleep dis- 
turbance, 22,000 for tinnitus, and 587,000 for annoyance. 


Exposure to noise in living and working environments might cause both 
auditory and non-auditory adverse health effects (Basner et al. 2014). 


Adverse effects of noise on the human body depend on sound intensity, fre- 
quency, impulsiveness, duration of exposure (acute, chronic) and the individual’s 
sensitivity. Impairment might be temporary or permanent and is a result of 
cumulative effects of noise exposure over the course of a lifetime. 

Noise-induced hearing loss can be caused by a one-time exposure to an intense 
impulse sound, or by steady long-term exposure with sound pressure levels higher 
than 75-85 dB, in occupational and industrial settings. Hearing loss is increasingly 
caused by social noise exposure (Basner et al. 2014). 

A review study by Basner et al. (2014) found that the non-auditory effects of 
environmental noise exposure on public health are growing. The most investigated 
non-auditory health endpoints for noise exposure are perceived disturbance and 
annoyance, cognitive impairment (mainly in children), sleep disturbance, and car- 
diovascular health (Basner et al. 2014). They can be caused by an exposure with 
lower sound pressure levels compared to levels that caused auditory adverse health 
effects. For example, maximum sound pressure levels as low as 33 dB can induce 
physiological reactions during sleep including autonomic, motor, and cortical 
arousals (ep. tachycardia, body movements, and awakenings) (WHO 2009b). 
Additionally, infrasound might have adverse health effects. Jeffery (2013) high- 
lighted that people who live or work in proximity to industrial wind turbines have 
experienced symptoms that include decreased quality of life, annoyance, stress, 
sleep disturbance, headache, anxiety, depression, and cognitive dysfunction. Causes 
of symptoms include a combination of wind turbine noise, infrasound, electricity, 
ground current, and shadow flicker. Environmental noise exposure must be regu- 
lated by holistic actions, including sound prevention measures in buildings. 

Beside building dampness and noise, lack of daylight also contributes to the 
inadequate environmental quality of the built environment. 


2.5.5 Lack of Daylight 


Positive influences of daylighting on well-being have been researched since the 
1950s. 
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Daylighting in a built environment has two important effects on the human 
body: visual and non-visual (Robbins 1986; Berson et al. 2002) 


Fist studies were concerned with visual effects Oe, reduced eyestrain) (Robbins 
1986) and the psychological benefits of daylight Oe. improved mood) (Heerwagen 
1986). The physiological mechanisms of non-visual effects were fully explained 
with the discovery of the third photoreceptor cells by David Berson (Berson et al. 
2002). Since 2002, studies have been focused mainly on non-visual effects of 
daylight, which include direct or non-circadian effects, indirect or circadian effects, 
effects on skin (vitamin D synthesis, skin tanning, and dissociation of bilirubin) and 
other unexplored effects. Current studies demonstrate the positive impact of day- 
light in office environments, educational institutions, retail environments, 
health-care facilities, and in prisons. In addition to health benefits, daylight in built 
environments also has social, economic and environmental benefits. The social 
benefits have been associated with improved mood and enhanced morale (Robbins 
1986), increased social interactions among employees, and reduced absenteeism 
rates (Clark and Watson 1988). The economic benefits of daylighting were analysed 
especially in office environments and were increased productivity. The environ- 
mental benefits of daylighting include lower CO, emissions and annual energy 
savings for lighting due to changes in a typical six-storey office building (Jenkins 
and Newborough 2007). 

A lack of daylight in built environments has adverse health effects on human 
health and their determinants. One of them presents Seasonal Affective Disorder 
(SAD). 


SAD characterized by “fall/winter major depression with spring/summer 
remission, is a prevalent mental health problem. SAD etiology is not certain, 
but available models focus on neurotransmitters, hormones, circadian rhythm 
dysregulation, genetic polymorphisms, and psychological factors” (Roecklein 
and Rohan 2005, p. 20). 


SAD has a seasonal pattern, usually beginning in fall and continuing into the 
winter months. Those who live in northern latitudes are most at risk. An estimated 
10-20% of recurrent depression cases follow a seasonal pattern (Magnusson 2000). 
Although a summer pattern of recurrence is possible, the predominant pattern 
involves fall/winter depression with spring/summer remission. In U.S. community 
surveys, SAD prevalence ranges from 9.7% in New Hampshire to 1.4% in Florida 
(Rosen et al. 1990). In North America, SAD prevalence increases with latitude, but 
the correlation is nonsignificant in other parts of the world (Mersch et al. 1999). In 
the United Kingdom, 20% experience “winter blues” and 2% experience SAD (UK 
SAD). Light therapy is established as the best available treatment for SAD 
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(Roecklein and Rohan 2005). A study by Espiritu et al. (1994) on 104 subjects aged 
40-64 years in San Diego, CA. The median subject was exposed to illumination 
greater than or equal to 1000 lux for only 4% of the time observed, that is, only 
about 58 min per day were spent in daylight. Exposure to that amount of daylight 
does not provide adequate efficiency in the surroundings for the regulation of the 
circadian rhythm. 

Additionally, every one of us is aware that the daylighting has an important 
contribution to our health and well-being due to the improved quality of our 
environment. A pan-European (Velux 2015) survey determined that the Europeans 
living in dark buildings are more likely to report poor health compared to those who 
do not live in dark homes. One of the findings of the survey is that Europeans value 
daylight in the home. If they were to choose a new home, 47% would give the 
highest importance to the amount of daylight, 92% would give it above average 
importance, resulting in an indicator score of 6.1 out of 7. With greater age comes a 
greater appreciation of daylight in the home. Europeans also invest in improving 
daylight. More than one in four Europeans 27% have made changes within the last 
five years aimed at improving the amount of daylight in their home. 
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National renovation strategies often define the priority built environments for 
renovation. Selection of the priority environment for renovation is often based on 
the cost-effective approach, which identifies the energy performance of the existing 
buildings and energy improvements. Selection explicitly on the health status of a 
building is almost never the primary criteria for decision making. Interestingly, the 
owners guiding factor for the renovation of an apartment building is first comfort 
and second energy efficiency. 

Studies on unhealthy buildings and the adverse health effects (Sahlberg et al. 
2013; Takigawa et al. 2012; Araki et al. 2010; Engvall et al. 2001; Scheel et al. 
2001) revealed that the most problematic environments among public buildings are: 


e health-care facilities, 
e schools, and 
e kindergartens. 


Vulnerable population groups are always present in all built environments, 
also general ones. Because of the sensitivity of these groups and public health 
protection, all built environments should have the same priority. 


Vulnerable population groups are: “those that are particularly sensitive to risk 
factors and who possess multiple, cumulative risk factors. They present a 
subgroup of the population that is more likely to develop health problems as a 
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result of exposure to risk or to have worse outcomes from these health prob- 
lems than the rest of the population” (Stanhope and Lancaster 2015, p. 719). 


According to WHO (2017d), the particularly vulnerable are: 


children, 

pregnant women, 

elderly people, 

malnourished people, and 

people who are ill or immunocompromised. 


The numbers of these vulnerable populations are increasing, not only as the 


proportion of the uninsured grows but as the population ages. The health domains 
of vulnerable populations can be divided into 3 categories regarding (Aday 1994): 


physical 
psychological, and 
social. 


According to the categories, specific needs are defined that has to be fulfilled in a 


specific priority environment (Table 2.2). 


Children are one example of a vulnerable population group. They are more 


susceptible to environmental hazards than healthy adults are for several reasons 
(ATSDR 2016; WHO 2017d): 


Children have disproportionately heavy exposures to environmental toxicants. 
In relation to body weight, children drink more water, eat more food, and 
breathe more air than adults. Children in the first 6 months of life drink seven 
times as much water per kg of body weight, and 1—5-year-old children eat 3—4 
times more food per kg than the average adult. 

The air intake of a resting infant is proportionally twice that of an adult. As a 
result, children will have substantially heavier exposures than adults to any 
toxicants that are present in water, food, or air. 

Two additional characteristics of children further magnify their exposures: their 
hand-to-mouth behaviour, and the fact that they live and play close to the 
ground. 

Children’s metabolic pathways, especially in the first months after birth, are 
immature. 

Children’s ability to metabolize, detoxify, and excrete many toxicants is dif- 
ferent from that of adults. Commonly, however, they are less well able to deal 
with toxic chemicals and thus are more vulnerable to them. 


Another vulnerable group is the elderly. Both internal and external factors can 


contribute to the vulnerability of the elderly (Lachs and Pillemer 1995). 
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Table 2.2 Health domain, specific need, vulnerable population and priority environment (Aday 


1994) 

Health Need Vulnerable population Priority environment 

domain 

Physical Physical High-risk mothers and infants, Medical buildings 
the chronically ill and disabled, (i.e. hospital, nursing 
and persons living with HIV/ home, rehabilitation) 
acquired immunodeficiency Residential buildings 
syndrome De, apartment block, 
Chronic medical conditions house, block of flats) 
include respiratory diseases, 
diabetes, hypertension, 
dyslipidaemia, and heart disease 
Elderly 

Psychological | Psychological | Populations with chronic mental | Commercial 
conditions, such as buildings (i.e., shop, 
schizophrenia, bipolar disorder, office, hotel, 
major depression, and restaurant, gym) 
attention-deficit/hyperactivity Educational buildings 
disorder (school, museum, 
Populations with a history of library) 
alcohol and/or substance abuse Governmental 
and those who are suicidal or buildings (post office, 
prone to homelessness parliament) 

Social Social Populations of those living in Religious buildings 
abusive families, the homeless, (church, cathedral) 
immigrants, and refugees Outdoor places 

(parks) 
Others 


e Internal risk factors include: increasing age, female gender, medical comor- 
bidities, substance abuse, mental illness, cognitive impairment, sensory 
impairment, impairment in activities of daily living (ADL), malnutrition. 

e External risk factors include: lack of social network, dependence on a care 
provider, living alone, lack of community resources, inadequate housing, 
unsanitary living conditions, high-crime neighbourhood, adverse life events, 


poverty. 


In the United States, 87% of those 65 years and older have one or more chronic 


conditions, and 67% of this population has two or more chronic illnesses 
(Partnership for Solutions 2002). Major chronic conditions affecting older people 
worldwide are cardiovascular disease, hypertension, stroke, diabetes, cancer, 
chronic obstructive pulmonary disease, musculoskeletal conditions, mental health 
condition, blindness and visual impairments (WHO 2002). 

Globally, between 1970 and 2025, an increase in older persons of some 694 
million or 223% is expected (WHO 2002). In Europe, the shift in the age pyramid is 
more dramatic: almost one third of people will be elderly in 2050. Due to dramatic 
demographic changes, the significant burden of dementia, chronically ill and 
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immobile persons is expected. The Survey of Health, Ageing and Retirement in 
Europe (SHARE) showed that living conditions before and after retirement vary 
considerably across Europe and are not fully adjusted to the needs of the elderly 
(Borsch-Supan 2016). Therefore, the built environment must be adapted and 
designed for the future of society. 


Each vulnerable group, as well as each individual in the group, has 
specific needs and requirements. If certain requirements and needs of 
users in a specific environment are not fulfilled, it can be severely 
debilitating or life-threatening. 


For example, a ward for severe burn injuries should have temperature controls 
that permit adjusting room air temperature up to 32 °C and relative air humidity up to 
95% (ASHRAE Handbook 2007). The reason is that patients with large burn injuries 
have higher risks of hypermetabolism, hypothermia, higher evaporative water losses, 
progressive weight loss, increased susceptibility to infection, and poor wound 
healing (Corallo et al. 2007; Herndon and Tompkins 2004; Ramos et al. 2002; 
Herndon 1996, 1981; Kelemen 1996; Wallace et al. 1994; Caldwel et al. 1992; 
Carlson et al. 1992; Martin et al. 1992; Wilmore et al. 1975). To decrease energy 
demands, minimize metabolic expenditure and decrease the hypermetabolic response 
to thermal injury and evaporative water losses, room air temperature and relative air 
humidity should be maintained at 28-33 °C and 80%, respectively. In this way, 
optimal healing and comfort conditions are created (Dovjak 2012) and consequently 
mortality, morbidity, and hospitalization can be significantly decreased (Herndon 
1996; Wilmore et al. 1975). 

In current planning, it often happens that these needs tend to be underestimated. 
Current built environments are not meeting the needs of these vulnerable popula- 
tions. The environment must be designed to take into account the rationales and 
requirements of a specific population group. The design of built environments 
following the concept of active aging or age-friendly environment is a good 
example. 


An age-friendly environment allows people to realize their potential for 
physical, social and mental well-being throughout the life course and to 
participate in society according to their needs, desires and capacities, while 
providing them with adequate protection, security and care when they require 
assistance (WHO 2002, p. 12). 


A series of pan-European surveys, Velux (2017) determined that the link 
between adverse health effects and the indoor climate does not appear to be well 
known amongst Europeans, nor does the importance of correct behaviour. 
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Therefore, health promotion with public awareness is a key to the successful 
prevention of adverse health effects. 


Public health is the science and art of preventing disease, prolonging life and 
promoting health through the organized efforts and informed choices of 
society, organizations, public and private, communities and individuals (Fink 
2013, p. 2). 


To summarize, various health outcomes are related to unhealthy built environ- 
ments. SBS is one of the most researched health outcomes related to such envi- 
ronments. It is a consequence of exposure to numerous health risk factors and their 
parameters. The identification of health hazards and their parameters is the key step 
in the process of effective control and prevention. Therefore, on the basis of a 
comprehensive literature review, health risk factors and their parameters are sys- 
tematically presented and classified in Chap. 3. 
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Chapter 3 A) 
Identification of Health Risk Factors Cheek for 
and Their Parameters 


Abstract This chapter highlights the importance of identifying health risk factors 
and their parameters for healthier built environments. In Sect. 3.1, epidemiological 
terms such as “determinants of health”, “health risk” and “health hazards”, are 
introduced. In Sect. 3.2, health risk factors and their main parameters in built 
environments are further identified and classified into six groups: biological, 
chemical, physical, psychosocial, personal, and others. Detailed definition of health 
risk factors and their main parameters, followed by the results of epidemiological 
studies proving the association between potential health outcomes and health risk 
factors, are described in Sects. 3.3, 3.4, 3.5, 3.6 and 3.7. Identified and classified 
health risk factors and their parameters are the basis for the identification of single 
and multi-group interactions among them, described in Chap. 4. 


3.1 Determinants of Health, Health Risk, and Health 
Hazard Factors 


Whether people are healthy or not is determined by their circumstances and envi- 
ronment. WHO defines health risk factors from built environments, genetics, 
income and education levels, and relationships with friends and family. All these 
factors have considerable impacts on health, while other more commonly consid- 
ered factors, such as access and use of health care services, often have less of an 
impact (WHO 2017a). 

The determinants of built environments include: 


e Physical environment, 
e Social and economic environment, and 
e Person’s individual characteristics and behaviours. 


Individuals often cannot control many of the determinants of health in built 
environments (Table 3.1). 

“Risk” and “hazard” are terms commonly used to describe aspects of the 
potential harm to health. The terms “health risk” and “health hazard” are often not 
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Table 3.1 Determinants of health in built environments (WHO 2017a) 


Determinants of health 


Physical environment 


Link to health 


Safe water and clean air, healthy workplaces, safe houses, 
communities and roads all contribute to good health 


Income and social status 


Higher income and social status are linked to better health. The 
greater the gap between the richest and poorest people, the greater 
the differences in health 


Education 


Low education levels are linked to poor health, more stress, and 
lower self-confidence 


Employment and 
working conditions 


Social support networks 


People with employment are healthier, particularly those who 
have more control over their working conditions 


Greater support from families, friends and communities is linked 
to better health 


Personal behaviour and 
coping skills 


Eating habits, level of physical activity, smoking, drinking, and 
how we deal with life’s stresses and challenges all affect health 


Culture Customs, traditions, and the beliefs of the family and community 
all affect health 

Genetics Inheritance plays a part in determining lifespan, healthiness, and 
the likelihood of developing certain illnesses 

Gender Men and women suffer from different types of diseases at different 


ages 


Health services 


Access to and use of services that prevent and treat disease 
influence health 


properly used. The term “risk” is the “likelihood that a person may be harmed or 
suffers adverse health effects if exposed to a hazard” (HSA 2017). 

The level of risk is often categorized according to the potential harm or adverse 
health effect that the hazard may cause, how many times a person is exposed, and 
the number of persons exposed (HSA 2017). Health hazards frequently occur in 
all built environments. They may be in the form of chemical hazards (e.g., 
chlorine or a pesticide), biological hazards (e.g., fungi in damp buildings), physical 
hazards (e.g., excessive noise, coldness, over-heating or radiation), ergonomic 
hazards (e.g., unhealthy body positions and repetitive strain) and psychological 
hazards (e.g., anxiety) (Safeopedia 2017). 


BOX 3.1 Health risk 

The term “health risk” is defined as something that could cause harm to 
people’s health (Collins 2017a, b). The Environmental Protection Agency 
(EPA 2016) considers risk to be: “The chance of harmful effects to human 
health or to ecological systems resulting from exposure to an environmental 
stressor”. Therefore, a human health risk is described as: “The likelihood 
that a given exposure or series of exposures may have damaged or will 
damage the health of individuals” (EPA 2016). 
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BOX 3.2 Health hazard 

A health hazard is defined as something that is dangerous to health. The most 
common definition of a health hazard is: “a potential source of harm or 
adverse health effect on a person(s)”. For example, a place is structurally 
unsafe (Collins 2017b; HSA 2017). 


For example, the leading global risks for mortality in the world are high blood 
pressure (responsible for 13% of deaths globally), tobacco use (9%), high blood 
glucose (6%), physical inactivity (6%), and overweight and obesity (5%) (WHO 
2009a). As a country develops, the types of diseases that affect a population shift 
from primarily infectious illnesses, such as diarrhoea and pneumonia, to primarily 
noncommunicable illnesses, such as cardiovascular disease and cancers (WHO 
2009a). Many diseases are caused by multiple risk factors, and individual risk 
factors may interact in their impact on the overall risk of disease. As a result, 
attributable fractions of deaths and burden for individual risk factors usually overlap 
and often add up to more than 100% (WHO 2009a). A prime example of this is that 
two risk factors—smoking and radon—cause lung cancer. Exposure to radon is the 
second leading cause of lung cancer (EPA 2017a). The risk is significantly higher 
for smokers than for non-smokers. Globally, more than 85% of radon-induced lung 
cancer deaths are among smokers. The optimal strategy for the elimination of the 
public health burden of radon includes building design strategies with remediation, 
residential radon testing as well as smoking prevention (Lantz et al. 2013). 

Some risk factors can be changed, such as unhealthy lifestyle habits and 
environments. Other risk factors, such as age, family history and genetics, race and 
ethnicity, and sex, cannot be changed. Healthy lifestyle changes as well as a healthy 
environment can decrease your risk for developing some diseases (NIH 2017). It is 
clear that many environmental factors can affect health. For example, some of the 
more important significant risk factors are unsafe neighbourhoods, access to 
unhealthy food, limited access to recreational facilities or parks, low socioeconomic 
status, unhealthy social environment, unsafe water, sanitation and low hygiene, 
poor quality of air (WHO 2017b). 


BOX 3.3 Risk factor 
A risk factor is any attribute, characteristic or exposure of an individual that 
increases the likelihood of developing a disease or injury (WHO 2017b). 


With the purpose of designing healthy built environments and taking into 
account previous definitions (WHO 2017b), the term “health risk factor in built 
environments” is defined: 
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BOX 3.4 Health risk factors in built environments 

Health risk factors in built environments are all risk factors that are present in 
built environments, namely living and working environments, indoors or 
outdoors. A given exposure or series of exposures to them may have damaged 
or will damage the health of individuals. For example, increased noise levels 
and lack of daylight in a built environment are parameters in the group of 
physical risks factors; formaldehyde, phthalates in the air are parameters in the 
group of chemical health risk factors. Therefore, identification of health risks 
factors and their parameters in built environments is the key activity for 
effective control and prevention of health. 


The standard CAN/CSA-Z1002-12 (2017)—Occupational health and safety— 
Hazard identification and elimination and risk assessment and control uses the 
following epidemiological terms: harm—*physical injury or damage to health” 
(CAN/CSA-Z1002-12 2017) and hazard: “a potential source of harm to a worker” 
(CAN/CSA-Z1002-12 2017). 

Identification of health hazards and risk factors in built environments is a key 
activity for effective control and prevention against them and is the first step in a 
process called health risk assessment (HRA). The Centers for Disease Control and 
Prevention (CDC 2009) define an HRA as: “a systematic approach to collecting 
information from individuals that identifies risk factors, provides individualized 
feedback, and links the person with at least one intervention to promote health, 
sustain function and/or prevent disease.” 


BOX 3.5 Health risk assessment 

Health risk assessment is the process of estimating the nature and probability 
of adverse health effects in humans who may be exposed to chemicals in 
contaminated environmental media, now or in the future (EPA 2016). 


The EPA uses health risk assessments to characterize the nature and magnitude 
of health risks to human beings (e.g., residents, workers, recreational visitors) and 
ecological receptors (e.g., birds, fish, wildlife) from chemical contaminants and 
other stressors that may be present in the environment. 

The main steps of HRA (HSA 2017) for the prevention and control of health risk 
factors in built environments: 


e Identification of hazards and risk factors that have the potential to cause harm 
(hazard identification) to humans and/or ecological systems regarding health. 

e Analysis and evaluation of the risk in association with that hazard (risk 
analysis, and risk evaluation). Which includes: 
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— Dose-Response Assessment: relationship between exposure and effects 

— Exposure Assessment: frequency, timing, and levels of contact with the 
potential hazard 

— Risk Characterization: summary of an overall conclusion about risk, how 
well the data support conclusions about the nature and extent of the risk from 
exposure to potential hazard 


e Determining appropriate ways to eliminate the hazard, or control the risk 
when the hazard cannot be eliminated (risk control). 


Risk control includes actions that can be taken to reduce the exposure to the 
potential hazard. Alternatively, the control could be implemented to remove the hazard 
or to reduce the likelihood of the risk by reducing the exposure to that hazard (HSA 
2017). Actions are listed hierarchically from the most preferred to least preferred (1—6): 


1. Elimination of the hazards (e.g., removal of dangerous substance from con- 
struction materials), 

2. Substitution of the hazards with those of lower risk (e.g., usage of less toxic 

substitutes), 

. Isolation of the hazard (e.g., noise-isolated room for noisy equipment), 

4. Engineering approaches to the hazards (e.g., redesigning a process to place a 
barrier between the person and the hazard), 

5. Administrative approaches to the hazards (e.g., adopting safe work practices, 
training to reduce the potential for harm and/or adverse health effects to people), 

6. Usage of personal protective equipment. 


LA 


In the framework of HRA, health risk factors and their main parameters in built 
environments are identified and classified in Sect. 3.2. 


3.2 Identification and Classification of Health Risk 
Factors in Built Environments and Their Parameters 


During the time spent indoors, people are exposed to numerous health risk factors, 
exposure to which can affect human health. The extent of the effects depends on 
their exposure dose, exposure time, type of pollutants, and people’s individual 
characteristics (Yassi et al. 2001). Health risk factors in built environments can be 
classified in various ways, according to the purpose of classification. The most 
common classification of health risk factors was defined in the book on “Basic 
Environmental Health” by Yassi et al. (2001): 


Biological risk factors, 
Chemical risk factors, 
Physical risk factors, and 


LU 
e 
e 
e Psychosocial, personal and other risk factors. 
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On the basis of a comprehensive systematic literature review of 96 scientific 
articles published between 1974 and 2014 (Kukec and Dovjak 2014; Dovjak and 
Kukec 2014), key parameters within every group of health risk factors are identified 
and classified (Table 3.2). 

In Sects. 3.3-3.7, detailed determinants of health risk factors and their main 
parameters are provided, followed by the results of epidemiological studies proving 
the association between potential health outcomes and health risk factors in built 
environments. 


3.3 Association Between Potential Health Outcomes 
and Physical Health Risk Factors in Built 
Environments 


The most researched parameters in the group of physical risk factors in built 
environments are those of thermal comfort, building ventilation, noise, vibration, 
daylight, electromagnetic fields, ions, as well as ergonomic issues and universal 
design. Deviations of one or several physical health risk factors from the optimal 
values may result in various health outcomes. 


Environmental parameters of thermal comfort and thermal stress are 
physical quantities connected with the environment: air temperature, mean 
radiant temperature, absolute air humidity, air velocity and surface temper- 
ature (ISO 7726: 1998). In addition to environmental parameters, metabolic 
rate and clothing also have a direct impact on a person’s perception of thermal 
comfort. 


Environmental parameters of thermal comfort that deviate from optimal values 
result in uncomfortable or even in unhealthy conditions (Prek and Butala 2012). 
Studies show that general dissatisfaction with the indoor air temperature and 
indoor air humidity may be related to the increase of SBS (Sick Building 
Syndrome) symptoms (Valbjorn and Kousgaard 1986; Valbjorn and Skov 1987). 
Jaakkola et al. (1989) carried out a study in a modern eight-floor office building in 
Finland (N = 2,150 workers) and found a linear correlation between the amount of 
SBS symptoms, sensation of dryness, and a rise in air temperature above 22 °C. 
SBS symptoms increased both when the indoor air temperature was considered to 
be too cold and too warm. 

Nordström et al. (1994) performed a study in new and well-ventilated geriatric 
hospital units in southern Sweden (N = 104 employees). It was stated that in 
Scandinavia, the indoor relative humidity in well-ventilated buildings in winter 
was usually in the range between 10 and 35%, which resulted in increased numbers 
of dissatisfied persons. It was concluded that air humidification during the heating 
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season in colder climates can decrease the symptoms of SBS and the perception of 
dry air among employees. Lim et al. (2015) studied the association between SBS 
symptoms and some potential risk factors in an office environment (selected per- 
sonal factors, office characteristics and indoor office exposures) among office 
workers (N = 695) from a Malaysian university. The weekly prevalence of dermal, 
mucosal and general symptoms of SBS was 11.9%, 16.0% and 23.0%, respectively. 
The SBS symptoms occurring among the workers in the offices were associated 
with low relative air humidity (p = 0.04; the association was statistically signif- 
icant) and high air temperature in the office (p = 0.05; the association was sta- 
tistically significant). Andersen et al. (1974) performed an experiment in a climate 
chamber, in which eight healthy young men were exposed to clean dry air with a 
temperature of 23 °C. The experiment showed that very low indoor relative 
humidity (less than 20%) can cause drying of the mucous membranes and of the 
skin in some individuals. 


BOX 3.6 p-value (probability) 

The probability that a test statistic would be as extreme as observed or more 
extreme if the null hypothesis were true. Letter p stands for this probability. 
Investigators may arbitrarily set their own significance levels, but in most 
biomedical and epidemiological works, a study result in which the p-value is 
less than 5% (p < 0.05) or 1% (p < 0.01) is considered sufficiently unlikely to 
have occurred by chance to justify the designation “statistically significant” 
(Porta 2008). 


BOX 3.7 Relative risk (RR) and Odds ratio (OR) 

RR is the ratio between the risk of an event among the exposed and the risk 
among the unexposed; this usage is synonymous with risk ratio. OR is a 
measure of association between an exposure and an outcome. The OR rep- 
resents the odds that an outcome will occur given a particular exposure, 
compared to the odds of the outcome occurring in the absence of that 
exposure. OR/RR = 1 Exposure does not affect the odds of outcome; OR/ 
RR > 1 Exposure associated with higher odds of outcome; OR/RR < 1 
Exposure associated with lower odds of outcome (Porta 2008). 


High indoor air humidity usually appears in buildings located in a hot-humid 
climate. However, higher indoor relative humidity (more than 80%) may also occur 
in other buildings, especially due to incorrectly designed building envelopes, sys- 
tems and installations, processes of increased steam production, water damage, and 
flooding. These conditions may lead to dampness, stuffy odour, visible mould, and 
adverse health effects. Dampness may be a strong predictor of SBS symptoms. Li 
et al. (1997) evaluated the association between measures of dampness and 
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symptoms of respiratory illness in 612 employees in 56 day-care centres in the 
Taipei, Taiwan area. Dampness was found in 75.3% of the centres, visible mould in 
25.8%, stuffy odour in 50.0%, water damage in 49.3%, and flooding in 57.2%. 
Furthermore, the prevalence of SBS symptoms in the day-care workers was sta- 
tistically significant among those who worked in centres that had mould or 
dampness. 

Additionally, lower surface temperatures may result in local discomfort, 
radiative asymmetry, and water condensation. Studies made by Barna and Banhidi 
(2012) showed that low surface temperatures often result in thermally uncom- 
fortable conditions and the higher prevalence of SBS symptoms. Amin et al. (2015) 
investigated thermal conditions and SBS symptoms in three air-conditioned engi- 
neering education laboratories located at University Tun Hussein Onn Malaysia 
(N = 71 undergraduate and postgraduate students). The results show that the mean 
radiant temperature was not within the recommended range (minimum 17.8 °C, 
maximum 22.42 °C). A subjective measurement with questionnaire surveys was 
also performed. Among the symptoms present due to unacceptable thermal con- 
ditions in all laboratories, dry skin was the most common (40.85%), followed by 
runny nose (31%), dry eyes (29.58%), blocked/stuffy nose (28.17%), tiredness 
(26.76%) and flu-like symptoms (21.13%). 


Inadequate ventilation is associated with the accumulation of a variety of 
pollutants from building materials and indoor activities, dampness, and with a 
higher risk of airborne infectious disease transmission among the occupants. 
Identifying and controlling common indoor air pollutants can protect human 
health. 


The general purpose of ventilation in buildings is to provide healthy air for 
breathing by diluting the pollutants originating from the building itself and activ- 
ities performed in the building and removing the pollutants from it (Awbi 2003). 

Norhidayah et al. (2013) studied the association between indoor air quality 
(IAQ) parameters and symptoms of SBS in three selected buildings. The findings 
suggested that important predictors of sick building syndromes are ventilation and 
the accumulation of possible contaminants within the indoor environment. Other 
studies emphasized that the main causes for the SBS symptoms related to building 
ventilation are inadequate functioning, obsolete and inadequately maintained 
HVAC systems, decreased number of air changes and decreased volume of 
clean air (ECA 1989). A literature review of 41 studies (Seppänen et al. 1999) 
showed that ventilation rates below 10 L/s per person in office buildings were 
associated with statistically significant worsening in one or more health or per- 
ceived air quality outcomes. Some studies determined that increases in ventilation 
rates up to approximately 20 L/s per person were associated with significant 
decreases in the prevalence of the SBS symptoms or with significant improvements 
in perceived IAQ. The reviewed studies reported RR of 1.5-2.0 for respiratory 
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illnesses and RR of 1.1-6.0 for the SBS symptoms for low compared to high 
ventilation rates. 

A literature review by Carrer et al. (2015) estimated the minimum ventilation 
rates for which no effects on some health outcomes were observed. The lowest 
ventilation rates for which no adverse effects were seen for respiratory symptoms, 
asthma or allergy symptoms, airborne infectious diseases or acute health symptoms 
(SBS/BR symptoms) were about 6-7 L/s per person. In terms of effects on 
short-term absence rates and performance and learning, these minimum rates are 
much higher, ranging from 16-24 L/s per person. If the lowest ventilation rates for 
which no adverse effects were seen were selected based on building type, then the 
ventilation rates in homes and dormitories would be 6—7 L/s per person, in schools 
12 L/s per person and in offices 25 L/s per person. 

Numerous researchers have examined the prevalence of SBS symptoms in 
naturally ventilated and air-conditioned buildings. A literature review on the ven- 
tilation of office buildings (Seppänen and Fisk 2002) indicated that occupants of 
naturally ventilated offices had fewer SBS symptoms than occupants of 
air-conditioned offices did. A similar study was performed by Costa and Brickus 
(2000) in a central-air-conditioned shopping centre and in natural ventilated com- 
mercial shops in Rio de Janeiro, Brazil. Air-conditioned buildings were associated 
with increased SBS symptoms. 


Noise is unwanted sound judged to be unpleasant, loud or disruptive to 
hearing (WHO 2013). Exposure to noise in built environments has several 
harmful impacts on health: disturbed sleep, cardiovascular and psychophys- 
iological effects, and reduced performance, as well as provoking annoyance 
responses and changes in social behaviour. 


Excessive noise seriously harms human health and interferes with people’s daily 
activities (WHO 2013). Wonga (2009) studied the prevalence of SBS among 
apartment residents of 748 households in Hong Kong. The major indoor environ- 
mental quality problem perceived by the residents was noise. In addition to ex- 
cessive noise, low-frequency noise (20—100 Hz) may also cause health problems. 
Low-frequency noise is found in buildings with industrial machines or ventilation 
machinery. Certain body organs, specifically the eyes, have characteristic resonance 
frequencies in the range of 1-20 Hz (ECA 1989). Hodgson et al. (1987) observed 
that irritability and dizziness experienced by a group of secretaries working in new 
offices correlated significantly with the vibrations measured on their desks. The 
vibrations were caused by an adjacent pump room. 


Lighting in buildings, especially daylight, should be designed for the visual 
needs of the users and their expected tasks within a given active space as well 
as non-visual effects (Webb 2006). 
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Many studies have found some potential health consequences due to a lack of 
daylight in built environments. Nicklas and Bailey (1997) performed some anal- 
yses of the performance of students in daylit schools. They compared two groups of 
students from elementary schools in Alberta, Canada: the first group attending a 
school with full-spectrum light, the second group attending a similar school with 
normal lighting conditions. The results showed that the first group of students 
were healthier and attended school 3.2-3.8 days more per year; full-spectrum light 
induced more positive moods in students. Because of the additional vitamin D 
received by the students in the first group, they had 9 times less dental decay, and 
they were 2.1 cm higher compared to students in the second group. 

The health benefits of daylight have also been demonstrated in healthcare 
facilities. Benedetti et al. (2001) investigated the effect of direct sunlight in the 
morning on the length of hospitalization of depressed bipolar patients. The length of 
hospitalization was recorded for a sample of 415 unipolar and 187 depressed 
bipolar patients, assigned to rooms with eastern or western windows. Bipolar 
patients exposed to direct sunlight in the morning had on average 3.67-day shorter 
hospital stays than patients in western rooms. No effect was found in unipolar 
patients. A similar study was performed by Beauchemin and Hays (1996). Patients 
in sunny rooms had on average 2.6-day (15%) shorter stays compared to those in 
dull rooms. Heerwagen (1986) found that patients with a view of trees had better 
post-surgical recovery, while patients in the same hospital with a view of a brick 
wall stayed longer, took more narcotic analgesics, and had more post-surgical 
complications. Choi et al. (2012) studied the effect of daylight on patients’ average 
length of hospital stay. They compared different orientations of patient rooms in 
each ward of the general hospital in Incheon, Korea. The results showed 16-41% 
shorter hospital stay in wards with optimal daylight conditions. Daylight also has an 
important role in curative and preventive medicine. Terman et al. (1986) claimed 
that improved interior lighting could reduce the common subclinical problems, 
such as oversleeping, overeating, energy loss, and work disturbance. Light can help 
cure rickets, osteomalacia, and Seasonal Affective Disorder (SAD). 

Lack of daylight in built environments has adverse health effects on human 
health and their determinants. Daylight has been associated with improved mood 
and enhanced morale (Robbins 1986). Clark and Watson (1988) found that negative 
moods are associated with discomfort and distraction, whereas positive moods are 
associated with the physical setting at work and daily activities, such as social 
interactions among employees, which often results in lower absenteeism rates. 
Markussen and Røed (2014) examined the impact of hours of daylight on sick-leave 
absences among workers in Norway. They found that each additional hour of 
daylight increases the daily entry rate to absenteeism by 0.5% and the corre- 
sponding recovery rate by 0.8%. The overall relationship between absenteeism and 
daylight hours was negative. 

Nicklas and Bailey (1997) investigated the relationships between elementary and 
middle school student performance in North Carolina and natural daylighting. The 
results showed that the students who attended daylit schools outperformed those 
attending non-daylit schools by 5—14%. Moreover, children under electric lights 


94 3 Identification of Health Risk Factors and Their Parameters 


throughout the day showed decreased mental capabilities, agitated physical beha- 
viour, and fatigue (Hathaway et al. 1992). Abdel-Hamid et al. (2013) carried out a 
cross-sectional study at the Faculty of Medicine, Ain Shams University, Cairo, 
Egypt. The results of the self-administered questionnaire with 826 workers showed 
that fatigue and headache were the most prevalent symptoms related to SBS (76.9 
and 74.7%). Poor lighting, lack of sunlight and absence of air currents were 
associated statistically with SBS symptoms and were affected also by other 
parameters: poor ventilation, high noise, temperature, humidity, environmental 
tobacco smoke, use of photocopiers, and inadequate office cleaning. 


In the framework of a WHO workshop on Electromagnetic Hypersensitivity it 
was described as: “sensitivity to electromagnetic field (EMF) that comprises 
nervous system symptoms like headache, fatigue, stress, sleep disturbances, 
skin symptoms like prickling, burning sensations and rashes, pain and ache in 
muscles and many other health problems” (WHO 2004, p. V). 


Related to adverse health effects due to exposure to electromagnetic fields 
(EMF), many articles have been published over the years. A recent in-depth review 
of the scientific literature, WHO (2014), concluded that current evidence did not 
confirm the existence of any health consequences from exposure to low-level EMF. 
Exposures to higher levels that might be harmful are restricted by national and 
international guidelines. However, a number of epidemiological studies (WHO 
2014) suggest small increases in risk of childhood leukaemia with exposure to 
low-frequency magnetic fields at home. Some individuals reported “hypersensi- 
tivity” to electric or magnetic fields. Eriksson and Stenberg (2006) investigated the 
prevalence of general, mucosal, and skin symptoms in the Swedish population 
(N = 3,000, age 18-64). The survey addressed 25 symptoms, principally general, 
mucosal, and skin symptoms. The SBS symptoms, skin symptoms and symptoms 
similar to those reported by individuals with “electric hypersensitivity” were sig- 
nificantly more prevalent among employees who used display screen equipment 
extensively. 


Small air ions are electrically charged clusters consisting of atmospheric 
molecules or atoms that have lost or gained electrons to impart a net positive 
or negative charge. Atmospheric space charge in the form of small air ions 
may be generated from natural sources, such as changes in atmospheric and 
weather conditions, including rain, wind, and snow, as well as natural 
radioactivity in geological formations, cosmic radiation, waterfalls, and 
combustion processes (Alexander et al. 2013). 
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Researchers (ILO 2011; Reilly and Stevenson 1993) support the view that 
negative ions have a positive effect on health, including improved mood, stabilized 
catecholamine regulation and circadian rhythm, enhanced recovery from physical 
exertion and protection from positive ion-related stress and exhaustion disorders. 
The minimum acceptable concentration of negative ions for indoor air is 200-300 
ions per em". The optimal level is 1000-1500 negative ions per cm? (Jokl 1989). 
The lack of negative ions in the air may be responsible for SBS (ECA 1989). 
Bowers et al. (2018) evaluated the effectiveness of 30- and 60-minute daily 
exposure to high-density compared to zero-density (placebo condition) negative air 
ions over 18 days on the symptoms of seasonal affective disorder (SAD) in 40 
participants under controlled laboratory conditions. The results showed that expo- 
sure to negative air ions significantly improved winter depression symptoms. All 
sources of fire (Sulman 1980a, b), and especially cigarette smoking (Jokl 1989), 
electrical radiators, and air-conditioners increase the concentration of positive ions, 
which may be related to SBS. According to Sulman (1980a, b), the reported 
physiological effects of positive ions include inhibited cell tissue culture growth, 
increased respiratory rate, increased basal metabolism, increased blood pressure, 
headache, fatigue, nausea, nasal obstructions, sore throat, dizziness and increased 
skin temperatures. The researchers found that the electrical charges (positive ion- 
ization) engendered by approaching weather fronts produce the release of serotonin 
and weather sensitivity reactions (irritation syndrome, exhaustion syndrome, 
hyperthyroidism) (Sulman 1980a, b). One way to increase the level of negative ions 
in indoor environments is a water fountain or live plants (which must be non-toxic). 
Plants can also be used for phytoremediation, the removal of toxins from the air to 
ameliorate indoor air quality. The ability of species to remove benzene, 
formaldehyde, and other indoor air pollutants has been proven by studies (Liu et al. 
2007; Aydogan and Montoya 2011). 


Ergonomics is the science of matching the job to the worker and the product 
to the user (Pheasant 1991, p. 3). The main approach of ergonomics is in 
user-centred design: “If a product (environment or system) is intended for 
human use, then its design should be based on the characteristics of its human 
users” (Pheasant 1986, 1987). 


Principles of user-centred design are combined in universal design. 


Universal Design is a design and composition of an environment, which can 
be accessed, understood and used to the greatest extent possible by all people 
regardless of their age, size, ability or disability. An environment (or any 
building, product or service in that environment) should be designed to meet 
the needs of all people who use it. This is not a special requirement from 
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which only a minority of the population benefits, but a fundamental condition 
of good design (NDA 2014). 


Hedge and Erickson (1998) define that worker ergonomics (designing the work/ 
environment/process/equipment to fit the worker, instead of forcing the worker to fit 
the work/environment/process/equipment) and issues of universal design 
(barrier-free environment for all groups of functional disabilities) (Dovjak and 
Kristl 2009) also involves significant physical risk factors that have to be consid- 
ered for the prevention of SBS. 


3.4 Association Between Potential Health Outcomes 
and Chemical Health Risk Factors in Built 
Environments 


The most important chemical risk factors affecting health are construction and 
household products and emitted pollutants from furniture and equipment, especially 
formaldehyde, phthalates, volatile organic compounds, odours, environmental 
tobacco smoke, biocides, and others. According Simmons and Richard (1997), 
many construction products used for waterproofing, insulating, fireproofing, 
roofing, painting, plastering, building and treating floors, as well as surface coat- 
ings, contain toxic chemicals. 

The first epidemiological studies of cancer risk in relation to exposure to 
asbestos were reported in the 1950s (Marsili et al. 2016). Until the late 1970s, 
asbestos was used in construction products such as asbestos insulation, roofing, 
flooring, adhesives, duct connectors as well as protective clothing, household items, 
and others. All types of asbestos cause lung cancer, mesothelioma, cancer of the 
larynx and ovary, and asbestosis (fibrosis of the lungs) (WHO 2017c). According to 
Commission Directive (1999), all EU Member States banned asbestos in 2005. 
Consequently, for countries that have stopped using asbestos, their asbestos-related 
disease burden will most likely decrease (Kameda et al. 2014). Nevertheless, the 
EU currently carries the largest share of the global asbestos-related disease burden 
as a consequence of heavy asbestos use in previous decades. 

European countries that adopt the EU REACH regulation restrict the use and 
sale of certain specific lead compounds for use in paints (UNEP 2016). 
Nevertheless, in many countries, architectural/decorative paints still contain sig- 
nificant concentrations of lead (Gottesfeld 2015). Childhood lead poisoning has 
been a recognized clinical entity since the first decade of the 20th century, when 
leaded petrol and lead-based paints were common (WHO 2010). 

Many new chemicals have not yet been tested for their impact on human health, 
which presents a problem (Petrović 2017). The problem of exponential increase in 
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the development of synthetic and petroleum-based chemicals since World War II 
was highlighted by Petrović (2017). The problem is even more serious in case of 
numerous emission sources, such as radon emission from constructional com- 
plexes (i.e., fly ash bricks) and from soils and rock (Chauhan et al. 2003). The 
exposure of people to high concentrations of radon and its isotopes for an extended 
period leads to pathological effects, such as functional respiratory changes and the 
occurrence of lung cancer (EPA 2017a). 

Throughout their life cycle construction products may emit harmful substances 
in the surrounding environment (Sestan et al. 2013; Dovjak and Kristl 2011). To 
provide good indoor air quality (IAQ), holistic measures with step-by-step activities 
have to be performed (i.e., including actions on location-building/constructional 
complexes-system). At the first stage of design, it is important to perform source 
control measures with the selection of non-toxic construction products. Moreover, 
some researchers have also studied so-called sorptive building material as an 
effective method for improving IAQ. Park et al. (2015) proved the effect of con- 
centration reduction through the use of sorptive building materials in office areas. 

In addition to construction products, household products also have to be 
considered from the aspects of IAQ. For example, the use of air-fresheners may be 
related to poor indoor air quality and may lead to SBS symptoms and other adverse 
health effects (NIPH 2009; Zock et al. 2007; Cohen et al. 2007). Within the 
follow-up of the European Community Respiratory Health Survey in 10 countries, 
Zock et al. (2007) identified 3,503 persons without asthma, who were regularly 
cleaning their homes. The results showed that the use of cleaning sprays at least 
once a week (42% of participants) was associated with the incidence of asthma 
symptoms or medication and wheeze. The incidence of physician-diagnosed asthma 
was higher among those who used sprays at least 4 days per week. Dose-response 
relationships were apparent for the frequency of use and the number of different 
sprays. 

Moreover, due to low air humidity in buildings, humidifiers are often used. 
Humidifiers in the ventilation circuit provide a source of microbes to flourish, and 
also provide a reason for adding biocides to humidified water. Many of these 
biocides are irritants or allergens (Burge 2004). These products are highly irritant in 
concentrated form; when dispersed in the indoor atmosphere, at low concentrations, 
they may cause mucous membrane irritation in susceptible individuals (Burge 
2004). 


Construction products and wooden furniture (e.g., plywood, particleboard, 
fibreboard, OSB, panel boards, urea-formaldehyde foam), paints, adhesives, 
varnishes, floor finishes, disinfectants, cleaning agents and other household 
products emit formaldehyde (HCHO) (Sestan et al. 2013). 


The results of several studies of indoor/outdoor ratios of formaldehyde in 
buildings range approximately from 3 to 18 (ARB 2012; Blondel and Plaisance 
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2011; Sakai et al. 2004). Formaldehyde may be the cause of SBS, because it 
irritates both the eyes, as well as the upper and lower respiratory tract. It may also 
be responsible for allergic disorders, including asthma (Hendrick and Lane 1977). 
In a study among students in schools in Malaysia (N = 462 pupils), formaldehyde 
and other selected indoor air pollutants were associated with rhinitis, ocular, nasal 
and dermal symptoms, headache, and fatigue. Norbäck et al. (2017) arrived at 
similar findings. Formaldehyde was associated with ocular (p = 0.004), throat 
symptoms (p = 0.006) and fatigue (p = 0.001). 

Sestan et al. (2013) reviewed 11 epidemiological studies that monitored the 
concentrations of formaldehyde in buildings (nine studies on residential buildings 
and two studies on public buildings). They found that the measured concentrations 
of formaldehyde ranged from 0.0016 ppm (2 ug/m*) to 0.109 ppm (134 ug/m*), 
The measured concentrations from the reviewed studies may cause irritation of the 
upper respiratory tract in the exposed individuals. An examination of studies (2005 
and more recent studies) (Salthammer et al. 2010) indicated that under normal 
living conditions the average exposure to formaldehyde seems to lie between 
0.0163 ppm (20 g/m?) and 0.0326 ppm (40 g/m"). Salthammer et al. (2010) also 
emphasized that new buildings with changed microclimate conditions may exhibit 
higher average and maximum concentrations, which may lead to the increased 
exposures and health risks, particularly in the group of sensitive individuals. 


Polyvinyl! chloride (PVC) construction products usually contain plasticisers, 
phthalate esters that may be emitted from PVC during the whole life cycle of 
the product. PVC materials are problematic during normal use of the building 
or during emergency situations De, fire). 


A comprehensive literature review by Dovjak and Kristl (2011) indicated that 
the use of PVC construction products in indoor environments may have adverse 
health effects. Phthalates are thought to be responsible for low testosterone levels, 
declining sperm counts and quality, genital malformations, retarded sexual devel- 
opment or even reproductive abnormalities and increased incidences of certain 
types of cancer (Heudorf et al. 2007). Epidemiological studies (Jaakkola et al. 1999; 
Bornehag et al. 2004) state that the presence of PVC flooring and walls is related to 
asthma, rhinitis, wheeze, cough, phlegm, nasal congestion, nasal excretion and 
eczema in children. These findings underscore the need to consider the health 
aspects of materials used in indoor environments. 

A systematic review and meta-analysis of 14 laboratory toxicology studies in 
adults (1950-2007) assessed the relationship between PVC-related occupational 
exposure (meat wrappers, hospital and office workers, firefighters, PVC processors) 
and the risk of asthma, allergies, or related respiratory effects (Jaakkola and Knight 
2008). 

In the study by Subedi et al. (2017), the concentrations of potentially toxic 
plasticizers (phthalates and non-phthalates) were investigated in 28 dust samples 
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collected from three different indoor environments (e.g., homes, salons, and 
day-care centres) across the USA. The estimated daily intakes of total phthalates 
(n = 7) for children and toddlers through indoor dust in childcare facilities were 1.6 
times higher than the non-phthalate plasticizers (n = 3), whereas the estimated daily 
intake of total non-phthalates for all age groups in the domestic environment was 
1.9 times higher than the phthalate plasticizers. This study reveals a more elevated 
(~3 fold) occupational intake of phthalate and non-phthalate plasticizers through 
the indoor dust at hair salons compared to domestic environments in the USA. 

During emergency situations (e.g., in case of fire), hazardous products such as 
carbon monoxide, carbon dioxide, hydrogen chloride, hydrochloric acid, 
dioxins, smoke/soot, etc. may form (Dovjak and Kristl 2011). 

Phthalates can be adsorbed onto indoor surfaces (carpet, wood, and skin) and 
re-emitted in the indoor air (Xu et al. 2009). 


Man-made mineral fibre (MMMEF) is a generic name used to describe an 
inorganic fibrous material manufactured primarily from glass, rock, minerals, 
slag and processed inorganic oxides. According to the International Agency 
for Research on Cancer (IARC 2002), MMME is classified into five cate- 
gories: continuous glass filament, glass wool (insulation wool and special 
purpose wool), rock wool, slag wool, refractory ceramic and other. 


According to the results of epidemiological studies, MMMFs have adverse 
health effects (EC 2012). Acoustic ceilings may contain MMMEF that may be 
transferred from such surfaces to skin and eyes, normally by direct hand contact. 
However, MMMF may also be transferred via air transmission modes. Nielsen 
(1987) proved that especially high concentrations may be found in rooms with 
uncovered ceilings, but also in rooms where the fibres are bound by a water-soluble 
glue and exposed to water damage. Unsealed fibreglass and other insulation 
material lining the ventilation ducts can release particulate material into the air. 
Such material can also become wet, creating an ideal and often concealed growth 
medium for microorganisms (Redlich et al. 1997). 


Volatile organic compounds (VOCs) are emitted as gases from certain 
solids or liquids. VOCs include a variety of chemicals, some of which may 
have short and long-term adverse health effects. Sources of VOCs are 
household products (e.g., wood preservatives, aerosol sprays, cleansers and 
disinfectants, moth repellents and air fresheners, stored fuels and automotive 
products, hobby supplies, dry-cleaned clothing, pesticide) and other products 
(building materials and furnishings, office equipment) (EPA 2017b). 
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Volatile organic compounds (VOCs) are suspected to be one of the major causes 
of SBS (Nakaoka et al. 2014; Yu and Kim 2012; Logue et al. 2011; Takigawa et al. 
2009; Wang et al. 2007; Molhave 2003; Schneider et al. 2003; Hodgson 2002; 
Wolkoff 1987). Construction products, furniture, household products (waxes, 
detergent, insecticides), products of personal hygiene (cosmetics), do-it-yourself 
goods (resins), office materials (photocopier ink) or environmental tobacco smoke 
(ETS) are all sources of VOCs in indoor environments. Wolkoff (1987) found that 
concentrations of VOCs depend on the type of the room, activity and time. VOCs 
may affect human health and can sometimes also be the source of odours (ECA 
1989). Takigawa et al. (2009) conducted a study in residential buildings in 
Okayama, Japan (N = 86 men, 84 women). The results showed that aldehyde 
levels in indoor air increased frequently and markedly in the newly diseased and 
ongoing SBS groups. About 10% of subjects suffered from SBS in 2004 and 2005. 
Similar findings were made by Takigawa et al. (2012). They studied 871 people 
living in 260 single-family houses in 2004 and 2005. Approximately 14 and 12% of 
subjects were identified as having SBS in the first and second years, respectively. 
Elevated levels of indoor aldehydes and aliphatic hydrocarbons in indoor air 
increased the possible risk of SBS to occur in residents living in new houses. 
Goodman et al. (2017) systematically evaluated 25 years (1991-2016) of investi- 
gations of VOC presence in Australian indoor environments. New homes had the 
highest VOC levels among all studies of domestic housing. Concentrations of 
nearly all pollutants were several times higher indoor compared to outdoor. 
Terpenes (d-limonene and a-pinene) were among the most indoor prevalent 
compounds. 


Odours are organic or inorganic compounds that originate from within a 
building, or they can be drawn into a building from the outdoors. Indoor 
odour sources are usually associated with construction products, household 
products, furnishings, office equipment, insufficient ventilation, problems 
with mould, bio-effluents, etc. Odours are a significant source of indoor 
environmental quality problems in buildings (CDC 2013). 


According to the Report of the European Commission on SBS ECA (1989), the 
hidden olfs (a unit used to measure the strength of a pollution source) from 
materials and systems are claimed to be one of the major reasons for SBS. Nakaoka 
et al. (2014) examined the correlation between the sum of VOCs, total odour 
threshold ratio, and SBS symptoms. The findings indicated that the total odour 
threshold ratio and the concentration of VOCs were correlated with SBS symp- 
toms among sensitive people. Wang et al. (2013) studied the prevalence of per- 
ceptions of odours and sensations of air humidity and SBS symptoms in domestic 
environments. Parents (N = 4,530) of 1-to-8-year-old children from randomly 
selected kindergartens in Chongqing, China participated. Stuffy odours, unpleasant 
odour, pungent odour, mould odour, tobacco smoke odour, humid air and dry air in 
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the preceding three months (weekly or sometimes) was reported by 31.4%, 26.5%, 
16.1%, 10.6%, 33.0%, 32.1% and 37.2% of the parents, respectively. The preva- 
lence of parents regarding SBS symptoms was: 78.7% for general symptoms, 
74.3% for mucosal symptoms, and 47.5% for skin symptoms. Multi-nominal 
regression analyses for associations between odours/sensations of air humidity and 
SBS symptoms showed that the odds ratio for “weekly” SBS symptoms was 
consistently higher than for “sometimes” SBS symptoms. 


Environmental tobacco smoke (ETS) is composed of both mainstream and 
side-stream smoke. ETS usually contains more than 4,000 different chemi- 
cals. Undiluted side-stream smoke contains higher concentrations of several 
chemicals than the mainstream smoke inhaled by the smoker. These chemi- 
cals include 2-naphthylamine, N-nitrosodimethylamine, 4-aminobipheny], 
and carbon monoxide (CCOHS 2011). The side-stream smoke may even be 
more of an irritant than the mainstream smoke (ECA 1989). 


ETS is one of the main causes of SBS symptoms (CCOHS 2011). Studies on the 
correlations between ETS exposure and SBS showed that SBS was statistically 
more pronounced in smokers than in non-smokers (Valbjorn and Skov 1987) and 
there was an increase of symptoms in non-smokers and ex-smokers exposed to ETS 
in comparison to the same non-exposed categories (Robertson et al. 1988). Mizoue 
et al. (2001) analysed the data from a 1998 cross-sectional survey of 1,281 
municipal employees who worked in a variety of buildings in a Japanese city. 
Among non-smokers, the odds ratio for the association between SBS and 4 h of 
ETS exposure per day was 2.7, and for most symptom categories, the odds ratios 
increased with increasing hours of ETS exposure. Working overtime (for 30 or 
more hours per month) was also associated with SBS symptoms, but the crude odds 
ratio of 3.0 for SBS was reduced by 21% after adjustment of variables associated 
with overtime work and by 49% after further adjustment of perceived work 
overload. 


CO, is one of the most important indicators for indoor air quality and ade- 
quacy of building ventilation. The main indoor source of CO, in most 
buildings is human metabolic activity. 


In terms of worker safety, Occupational Safety and Health Administration 
(OSHA) set a permissible exposure limit (PEL) for CO, of 5,000 parts per million 
(ppm) over an eight-hour workday. Similarly, the American Conference of 
Governmental Industrial Hygienists (ACGIH) defined the TLV (threshold limit 
value) as 5,000 ppm for an eight-hour workday, with a ceiling exposure limit of 
30,000 ppm for a 10-minute period based on acute inhalation data (NIOSH 1976). 
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For the design and assessment of energy performance in buildings, recommended 
CO, concentrations above outdoor concentration are defined by EN 1525 (2007). 
For example, for a Category I environment, the recommended CO, concentration 
for energy calculations and required control is 350 ppm above outdoors. ANSI/ 
ASHRAE Standard 62.1 (2004) defines that CO, concentration should not 
exceed 2500 ppm, while 1000 ppm is the recommended value. 

According to national Rules on the ventilation and air-conditioning of buildings 
(OJ RS No. 42/2002, 105/2002), the permissible value of CO, in indoor air is 
3000 mg/m? (1667 ppm). However, studies report that even lower levels of CO, 
concentrations, compared to these recommended or regulated concentrations, may 
lead to occupant dissatisfaction and decreased productivity (Bak6-Biro et al. 2007). 
For example, concentrations higher than 1000 ppm were associated with an 
increased percentage of dissatisfied occupants (ECA 1989). Especially high con- 
centrations were detected in 24 school buildings in Slovenia (Butala and Novak 
1999), where the maximal concentration of CO, was above 7198 mg/m? 
(4000 ppm). 

Seppänen et al. (1999) reviewed 41 studies with over 60,000 subjects on the 
associations between ventilation rates and CO, concentrations in non-residential 
and non-industrial buildings (primarily offices) with health outcomes. The risk of 
the SBS symptoms continued to decrease significantly with decreasing CO, con- 
centrations below 800 ppm. A similar conclusion was presented in the study by 
Erdmann et al. (2002), Apte et al. (2000) and Tsai et al. (2012). Erdmann et al. 
(2002) found that higher concentrations of CO, (workday time-averaged indoor 
minus outdoor CO, concentrations) were associated with an increased prevalence of 
certain mucous membrane and lower respiratory SBS symptoms. Even the highest 
CO, concentrations did not exceed 1000 ppm. Apte et al. (2000) evaluated the 
relationship between indoor CO, concentrations and the SBS symptoms in occu- 
pants from 41 U.S. office buildings. Results showed that dose-response relationship 
with odds ratios per 100 ppm CO, ranged from 1.2 to 1.5 for sore throat, nose/ 
sinus, tight chest, and wheezing. Tsai et al. (2012) evaluated the SBS symptoms 
among 111 office workers in August and November 2003. The most common 
symptoms of the five SBS groups were eye irritation, nonspecific and upper res- 
piratory symptoms. They also proved that workers exposed to indoor CO, levels 
greater than 800 ppm were likely to report eye irritation or upper respiratory 
symptoms more frequently. 

From the public health perspective, an important association was found between 
different sources of exposure to indoor air and health effects. The systematic review 
included eight studies that found associations between asthma and high levels of 
PM, VOC and endotoxins (Erklavec et al. 2017). Norbäck et al. (2017) studied 
associations between VOC, formaldehyde, nitrogen dioxide (NO2) and CO; in 
schools in Malaysia (N = 462 pupils) and rhinitis, ocular, nasal and dermal 
symptoms, headache and fatigue among students. The prevalences of weekly 
rhinitis, ocular, throat and dermal symptoms were 18.8%, 11.6%, 15.6%, and 
11.1%, respectively. In total, 20.6% of students had weekly headaches and 22.1% 
fatigue. NO, was associated with ocular symptoms (p < 0.001) and fatigue 
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(p = 0.01). Formaldehyde was associated with ocular (p = 0.004), throat symptoms 
(p = 0.006) and fatigue (p = 0.001). Xylene was associated with fatigue 
(p < 0.001), and benzaldehyde was associated with headache (p = 0.03). In con- 
clusion, xylene, benzaldehyde, formaldehyde and NO, in schools can be risk fac- 
tors for fatigue, ocular, and throat symptoms among students in Malaysia. 


3.5 Association Between Potential Health Outcomes 
and Biological Health Risk Factors in Built 
Environments 


Microorganisms are always present in our living space, but higher concentrations 
are a risk factor for the onset of various diseases, as they can affect people’s 
well-being, work performance, and productivity, and trigger a number of negative 
effects on health. Microorganisms can have direct or indirect effects on the quality 
of our living space, health, and well-being. Building operation, ventilation, and 
occupancy drive the building microbiology. Buildings represent a good media for 
the growth of microorganisms (Adams et al. 2016). 

Biological contaminants present in indoor air include bacteria, moulds, mildew, 
viruses, animal dander and cat saliva, house dust, mites, cockroaches, and pollen 
(EPA 2012). There are many indoor or outdoor sources of these pollutants (e.g., 
people, animals, soil, plant debris). Microbial pollution involves hundreds of spe- 
cies of bacteria and fungi that grow indoors when sufficient moisture is available. 
Exposure to microbial contaminants is associated with respiratory symptoms, 
allergies, asthma, and immunological reactions (WHO 2009c). 


Mould is all species of microscopic fungi that grow in the form of multi- 
cellular filaments, called hyphae. In contrast, microscopic fungi that grow as 
single cells are called yeasts. A connected network of tubular branching 
hyphae has multiple, genetically identical nuclei and is considered a single 
organism, referred to as a colony (Madigan and Martinko 2005). 


The study by Straus (2009) emphasized the importance of moulds and their 
mycotoxins in the phenomenon of SBS. Zhang et al. (2012) studied the associa- 
tions between dampness and indoor moulds in workplace buildings and selected 
biomarkers as well as incidence and remission of SBS. The study was based on a 
ten-year prospective study (1992-2002) in a random sample of adults (N = 429) 
from the Uppsala part of the European Community Respiratory Health Survey. 
Dampness was associated with increased incidence and decreased remission of 
SBS. Dampness and moulds increased bronchial responsiveness and eosinophilic 
inflammation. A similar study was performed by Sahlberg et al. (2013) in 159 
homes of inhabitants in three EU cities (Reykjavik, Uppsala, Tartu). The 
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associations between SBS, microbial volatile organic compounds (MVOC), and 
reports on dampness and mould were examined. The results showed that the indoor 
levels of some MVOCs were positively associated with SBS. Levels of airborne 
moulds and bacteria and some MVOCs were higher in dwellings with a history of 
dampness and moulds. Problems with dampness also exist in other environments, 
such as dorm rooms and schools. Sun et al. (2013) carried out a study in 1,569 dorm 
rooms in Tianjin, China (2006-2007; N = 3,712 students). A “mouldy odour” or 
“dry air” were perceived by occupants in 31% of dorm rooms. The adjusted odds 
ratio (AOR) of perceived mouldy odour for general SBS symptoms was 2.4, for 
mucosal symptoms 2.2, and for skin symptoms 2.0. Local mouldy odour around 
room corners or under radiators was reported by inspectors in 26% of dorm rooms. 
The study concluded that local mouldy odour perceived by inspectors was a sig- 
nificant risk factor for nose irritation (AOR 2.8). 


BOX 3.8 Adjusted odds ratio (AOR) 

Adjusted odds ratios (AOR) are most commonly used when the analysis 
includes several variables and takes into account the effect of all variables. 
Stratification and multiple regression techniques are two methods used to 
address confounding and produce “adjusted” ORs (Szumilas 2010). 


Zhang et al. (2011) analysed the relationship between the concentration of al- 
lergens and microbial compounds and new onsets of SBS. The study was based 
on a two-year prospective analysis of pupils (N = 1,143) in a random sample of 
schools in China. The prevalence of mucosal and general symptoms was 33% and 
28%, respectively, at baseline, and it increased during follow-up. At baseline, 27% 
reported at least one symptom that improved when pupils were away from school 
(school-related symptoms). The authors concluded that exposure to mould could 
increase the incidence of school-related symptoms. 

Moulds as a consequent phenomenon of flooding were considered by a few 
studies. The review by Crook and Burton (2010) describes the role of moulds in 
SBS and BRI as a clinical condition with defined symptoms and signs in which the 
cause (aetiology) is building related and identifiable. In their study, they use as 
examples the after-effects of flooding in the UK in 2007, and Hurricane Katrina in 
the USA in 2005. These studies reported the health effects of exposure to moulds. 
Respiratory symptoms were positively correlated with exposure to water-damaged 
homes. Studies also concluded that respirators reduced symptoms when worn while 
in the water-damaged homes. The most commonly reported symptoms were nasal 
symptoms and cough. 
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Bacteria are defined as microscopic, single-celled organisms belonging to the 
Kingdom Monera that possess a prokaryotic type of cell structure, which 
means their cells are non-compartmentalized, and their DNA (usually cir- 
cular) can be found throughout the cytoplasm rather than within a 
membrane-bound nucleus. Bacteria reproduce by fission or by forming 
spores. They can practically live everywhere. They can inhabit all kinds of 
environment, such as in soil, acidic hot springs, radioactive waste, seawater, 
deep in the Earth’s crust, in the stratosphere, and even in the bodies of other 
organisms (Biology online 2017). 


Teeuw et al. (1994) carried out a survey of SBS among 1,355 employees 
working in 19 governmental office buildings in the Netherlands. Physical, chemical, 
and microbiological characteristics between mechanically ventilated and naturally 
ventilated buildings were examined. Mechanically ventilated buildings were 
grouped as “healthy” or “sick” based on symptom prevalence (mean symptom 
prevalence <15% or >15 or = 15%). The authors found no differences in physical 
characteristics. However, the concentration of airborne endotoxin and 
Gram-negative rods were found in higher numbers in the “sick” mechanically 
ventilated buildings than in the “healthy” mechanically ventilated buildings and 
naturally ventilated buildings. The study concluded that airborne microbial con- 
tamination, in particular with Gram-negative rods and perhaps with endotoxin, may 
have a role in the causation of SBS. 

Al-Hunaiti et al. (2017) analysed the floor dust bacteria and fungi and their 
coexistence with PAHs in Jordanian indoor environments (eight dwellings and an 
educational building) in Amman. The results showed that bacterial and fungal 
concentrations varied significantly among and within the tested indoor environ- 
ments. Educational buildings have higher Gram-negative bacteria concentration 
than dwellings. Gram —/+ bacteria and total fungal concentrations were posi- 
tively correlated. 


Microbes volatile organic compounds (MVOCs) are a variety of volatile 
organic compounds formed in the primary and secondary metabolism of 
microorganisms (Korpi et al. 2009; Fu 2016). They are associated with mould 
and bacterial growth and responsible for the odorous smells (Ammann 1988). 
In total, around 1,200 MVOC have been identified, and around 250 MVOC 
from mould have been measured in indoor environmental studies (Fu 2016). 
The most obvious health effect of MVOC exposure is eye and upper-airway 
irritation (Korpi et al. 2009). 


Araki et al. (2010) measured indoor MVOC levels in single-family homes and 
evaluated the relationship between exposure to them and SBS. The most frequently 
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detected MVOC was 1-pentanol. Among 620 participants, 19.4% reported one or 
more mucous symptoms; irritation of the eyes, nose, airway, or coughing every 
week (weekly symptoms), and 4.8% reported that the symptoms were home-related. 
Weekly symptoms were not associated with any MVOC, whereas significant 
associations between home-related mucous symptoms and 1-octen-3-ol and 
2-pentanol were obtained. Additionally, Sahlberg et al. (2013) examined whether 
MVOCs and airborne levels of bacteria, moulds, formaldehyde, and two plasticizers 
in dwellings were associated with the prevalence of SBS and studied associations 
between MVOCs and reports on dampness and mould. A total of 159 adults (57% 
females) participated (19% from Reykjavik, 40% from Uppsala, and 41% from 
Tartu). The results showed that MVOCs, such as 1-octen-3-ol, formaldehyde and 
the plasticizer Texanol, may be a risk factor for sick building syndrome. Moreover, 
concentrations of airborne moulds, bacteria and some other MVOCs were slightly 
higher in homes with reported dampness and mould. Some MVOCs may have 
adverse effects on respiratory, nervous, and circulatory systems and may have 
carcinogenic effects (Yu et al. 2009). 

A case-control investigation by Choi et al. (2017) studies the association 
between MVOC and its risks on childhood asthma and allergies within damp homes 
(198 cases, 202 controls). Results showed that among the children who lived in 
high absolute humidity homes, a natural log (In)-unit of total sum of 28 MVOCs 
was associated with 2.5-times greater odds of the case status (95% CI, 1.0-6.2; 
p = 0.046), compared to 0.7-times the odds (95% CI, 0.4-1.0; p = 0.074) of the 
same outcome among low absolute humidity homes. Specifically, joint exposure to 
high MVOCs and high absolute humidity was associated with 2.6-times greater 
odds of the doctor-diagnosed asthma status (95% CI, 0.7-8.91; p = 0.137). 


BOX 3.9 Confidence interval (CI) 

Confidence interval (CI) is a type of interval estimate (of a population 
parameter) that is computed from the observed data. It gives an estimated 
range of values which is likely to include an unknown population parameter, 
the estimated range being calculated from a given set of sample data (Easton 
and McColl 1997). 


Pantoja et al. (2016) analysed the air quality of a public referral hospital in 
Fortaleza, Ceara, Brazil in terms of fungal volatile organic compounds (FVOCs), to 
establish ways to improve monitoring methods and control of specific sectors in the 
hospital. The results showed that 2-heptanone and 2-methyl-1-propanol were the 
most frequent FVOCs. Moreover, the climatic data showed the incidence of FVOCs 
regardless of the climatic season. 


3.5 Association Between Potential Health Outcomes and Biological ... 107 


Dust in homes, offices, and other built environments contains various organic 
and inorganic matter (Hess-Kosa 2002). The quantity and composition of 
house dust vary greatly with seasonal and environmental factors and also 
depends upon the HVAC system, cleaning habits, occupant activities, etc. 


Poor building service maintenance, poor cleaning or poor cleanability increases 
the prevalence of SBS (Burge et al. 1990). Nexo et al. (1983) demonstrated a 
correlation between the organic dust content of carpets (predominantly skin 
scales, bacteria, and moulds) and the symptoms of SBS. Among 12 employees, five 
had symptoms related to the workplace. 

Dust often contains substances emitted from construction products (e.g., 
phthalate esters and other plasticisers emitted from PVC construction products). 
Many emitted substances may have significant health concerns. Kishi et al. (2012) 
performed a study in which dust samples were collected from the living rooms of 
182 single family dwellings in six cities in Japan. The prevalence of SBS, asthma, 
atopic dermatitis, allergic rhinitis and conjunctivitis was 6.5%, 4.7%, 10.3%, 7.6% 
and 14.9%, respectively. Significant associations between the medical treatment of 
asthma and floor bis (2-ethylhexyl) adipate (DEHA) and multi-surface di-n-buty] 
phthalate (DnBP), dermatitis and floor BBzP and DEHA, conjunctivitis and floor 
Bis(2-ethylhexyl) phthalate (DEHP) were obtained after adjustment. 

Office buildings normally have very low concentrations of mites, because they 
do not provide appropriate conditions for their growth. Mites are, however, rela- 
tively abundant in household dust. They can be destroyed by keeping absolute 
humidity below 7 g/kg of air (about 45%) during the winter time (ECA 1989). 
Airborne house dust frequently causes allergic symptoms. However, house dust 
may also be problematic for healthy subjects without hypersensitivity reactions, as 
presented by Molhave et al. (2000). This Danish Office Dust Experiment (Molhave 
et al. 2000) investigated the response of 24 healthy non-sensitive adult subjects to 
the exposure to normal office dust in the air. The responses were both subjective 
sensory reactions and other neurogenic effects even at exposure levels within the 
range found in normal buildings. Some of the effects appeared acutely and 
decreased through adaptation, while others increased during prolonged exposure 
and remained for more than 17 h after the exposure had ended. The threshold level 
for the dose-response relationships was below 140 ug/m°. 


BOX 3.10 Dose-response relationship 

The dose-response relationship, or exposure-response relationship, describes 
the change in effect on an organism caused by differing levels of exposure (or 
doses) to a stressor (usually chemical) after a certain exposure time, or to a 
food (Crump et al. 1976). 
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3.6 Association Between Potential Health Outcomes 
and Psychosocial Health Risk Factors in Built 
Environments 


The category of psychosocial, personal and other risk factors for SBS includes 
gender, individual characteristics, health condition, stress, feelings of loneliness and 
helplessness, working position, social status, and others. 


Gender, working position, and health characteristics are important health 
determinants. They cannot be controlled by individuals (WHO 2017a) but 
have to be carefully considered in the design process. 


Stenberg et al. (1994) made a screening questionnaire study of 4,943 office 
workers and a case-referent study of SBS in 464 subjects. In the study, females 
reported SBS more often than males did. The same conclusions were found in the 
studies by Sun et al. (2013) in a dormitory environment in Tianjin, China (2006-— 
2007) and in a study by Engvall et al. (2000) in multi-family buildings in 
Stockholm. Additionally, the influence and importance of gender on the prevalence 
of the SBS symptoms were investigated on 590 employees of three office buildings 
in Norway (Lenvik 1993). The results showed that a greater percentage of females 
than males reported having the SBS symptoms. 

Women are often employed under less favourable working conditions than men, 
as was confirmed in the study by Bullinger et al. (1999). Questionnaire results from 
2,517 female employees in Germany (as compared to 2,079 male employees) 
showed that women report higher scores in sensory irritation, a higher bodily 
complaint rate, and a more negative evaluation of the indoor climate. In addition, 
most psychosocial variables showed less favourable scores for women as compared 
to men. 

The relative influence of gender, atopy, smoking habits, and age on reported 
SBS symptoms among office workers was investigated through questionnaire 
studies among 1,293 employees in 10 nonindustrial buildings (Lenvik 1993). The 
occurrence of atopy among the office workers was not found to be different from 
that of the general population. The prevalence of symptoms was higher among 
atopic individuals than among nonatopics and higher among females than among 
males. While gender was found to be important for some symptoms, atopy was 
important for all of them. The results indicated interrelations between smoking and 
atopy, with the enhanced prevalence of some symptoms. The age of the persons 
was also included in the analyses. Different ways of grouping age indicated dif- 
ferent trends in associations between age and the prevalence of symptoms, but the 
study did not show any unambiguous associations between the age and the 
prevalence of symptoms. The same conclusion was made in the literature review by 
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Norbäck (2009), showing that there was no consistent association between age and 
SBS. 

Symptoms are generally more common and more problematic in the stressed, 
the unloved, and in individuals who feel powerless to change their situation. There 
is a strong association between lack of control of the office environment and 
symptoms and an association between lower social status and the SBS symptoms 
(Burge 2004). Norlen and Andersson (1993) showed that residents in single-family 
houses reported less SBS than those in multifamily houses, although measurements 
suggest a less favourable indoor environment in single-family houses. 


Occupational stress has been shown to have a detrimental effect on the 
health and wellbeing of employees, as well as a negative impact on workplace 
productivity and profits (Bickford 2005). 


Some researchers (Morris and Hawkins 1987; Hedge et al. 1987) have investi- 
gated the possible links between SBS symptoms and occupational stress. 
Occupational stress has been found to be correlated with SBS symptoms, but much 
of the research has been of a cross-sectional nature, and it does not indicate whether 
stress is an active element or an outcome (Crawford and Bolas 1996). However, Ooi 
and Goh (1997) examined the role of work-related psychosocial stress among 
2160 subjects in 67 offices in the aetiology of SBS. Ooi and Goh (1997) found an 
incremental trend in the prevalence of SBS among office workers who reported high 
levels of physical and mental stress, and a decreasing climate of co-operation. 

Lu et al. (2007) investigated whether SBS complaints and indoor air pollution 
for 389 office workers in 87 government offices of eight high-rise buildings in 
Taipei, Taiwan are associated with oxidative stress. Oxidative stress was indicated 
by urinary 8-hydroxydeoxyguanosine (8-OHdG). The results showed that urinary 
8-OHdG had significant associations with VOC and CO, in offices, and with uri- 
nary cotinine levels. The mean urinary 8-OHdG level was also significantly higher 
in participants with the SBS symptoms than in those without such complaints. The 
mean 8-OHdG increased as the number of SBS symptoms increased. This study 
indicated that the 8-OHdG level was closely associated with the SBS complaints 
after controlling the air pollution and smoking. 


3.7 Association Between Potential Health Outcomes 
and Other Factors in Built Environments 


In previous sections of this chapter, specific health risk factors in built environments 
were defined, presenting quite well-researched topics. However, in the first chapter, 
it was described that numerous health determinants impact built environments; 
many of them are poorly researched. Additionally, due to the specific characteristics 
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of risk factors, some of the measurement techniques and analyses remain partly or 
even non-defined. 

Other health risk factors in built environments for which health outcomes were 
proved by studies are: location, building characteristics, ownership, presence of 
insecticides, geopathogenic zones and geopathic stress, etc. 

Wang et al. (2013) performed a study in domestic environments in Chongqing, 
China and confirmed that living near a main road or highway, redecoration, and 
new furniture were risk factors for perceptions of odours and sensations of humid 
air and dry air. The presence of cockroaches, rats, and mosquitoes/flies, use of 
mosquito-repellent incense and other incenses were all risk factors. The analyses 
of 609 multi-family buildings with 14,235 dwellings in Stockholm (Engvall et al. 
2000) showed that subjects owning buildings reported less SBS, but the rela- 
tionship between ownership and building age was strong. According to the model, 
5% of all buildings built before 1961, 13% of those built in 1976-1984, and 15% of 
those built in 1985-1990 would have significantly more SBS than expected. 
Another issue that has to be investigated in relation to SBS is geopathogenic zones 
and geopathic stress. 


BOX 3.11 Geopathic stress 

The word “geopathic” is derived from two Greek words: geo, meaning “of the 
earth” and pathos, meaning “suffering” or “disease”. Geopathic stress can 
undermine both the body’s subtle energy system (the etheric body, chakras 
and meridians) and the body’s electrical system (brain, heart and muscles), 
thus delaying healing and recovery. Interest in geopathic stress first arose in 
Germany in the 1920s (Freshwater 1997). 


Augner et al. (2010) evaluated whether two different locations in the same room 
as tested by dowsers (“geopathic stress zone” versus “more neutral zone”) would 
show significant short-term effects on work performance and well-being. The 
authors performed a blinded, randomized, short-term laboratory experiment 
(N = 26 persons, aged 20-57). Analysis of variance revealed a trend (p = 0.07) and 
showed significantly poorer well-being under the geopathic stress zone condition 
compared to a more neutral zone (p = 0.01). No location-dependent effects on 
performance during the reactive stress tolerance test were seen. 
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Chapter 4 A 
Interactions Among Health Risk Factors Eg 
and Decision-Making Process 

in the Design of Built Environments 


Abstract The identification of interactions among parameters of health risk factors 
is a crucial step for the effective assessment and prevention of problems in 
unhealthy built environments. This chapter introduces the health risk management 
process in the context of the designs of healthy built environments (Sect. 4.1). In 
Sects. 4.2—4.3, comprehensive descriptions of all detected interactions among 
health risks and their parameters that have harmful impacts on user health and 
wellbeing are defined. Section 4.2 provides a detailed analysis of single group 
interactions between: 


physical-physical, 

chemical-chemical, 

chemical-physical, 

chemical-biological, 

biological-biological, 

biological-physical, 

personal-physical, 

personal-chemical, and 

interactions between other health risk factors and their parameters. 


In addition to single group interactions, multi-group interactions among health 
risk factors and their parameters are also analysed in Sect. 4.3. Additionally, syn- 
ergistic and antagonistic effects are presented, and the main findings are supported 
by epidemiological studies. The chapter concludes with the tool developed for 
decision-making processes (Sect. 4.4) supported by the short-term and long-term 
benefits of holistic design (Sect. 4.5). 
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4.1 Health Risk and Management Assessment Model 
in Built Environments 


The term “health risk management” describes the process of evaluating alternative 
regulatory actions and selection among them. It entails the consideration of polit- 
ical, social, economic, and engineering information with risk-related information to 
develop, analyse, and compare regulatory options and to select the appropriate 
regulatory response to a potential health hazard (Paustenbach 2002; Yassi et al. 
2001). 

In the context of built environments, the health risk and management assessment 
is a dynamic approach. This process of risk and management assessment includes 
eight main components (Paustenbach 2002; Yassi et al. 2001): 


Risk assessment 


1. Hazard identification (single group interactions: interactions between two 
groups of health risk factors and their parameters; multifactorial interactions are 
interactive influences among parameters of different groups of risk factors), 

2. Dose-response assessment (identify relevant toxicity data), 

3. Exposure assessment (identification of exposed populations and exposure 
pathways, direct and indirect methods for assessment values in different sources 
of identified parameters), 

4. Risk characterization (characterize and summarize potential effects of single 
and/or multifactorial hazards for adverse health). 


Risk management 


5. Risk evaluation (defined options from different environmental health factors, 
socio-economic factors, and political aspects), 

6. Risk communication (informed decisions), 

Control and management of exposure (actions to implement the decisions) 

8. Risk management strategy (monitoring and evaluate the effectiveness of the 
action taken). 


Si 


4.2 Single-Group Interactions 


Single group interactions are interactions between two groups of health risk 
factors and their parameters, such as physical-physical, chemical-chemical, 
chemical-physical, chemical-biological, biological-biological, biological- 
physical, personal-physical, personal-chemical and interactions between 
other health risk factors and their parameters. 
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4.2.1 Physical-Physical Interactions 


Detected physical-physical interactions are interactive influences among pa- 
rameters of the group of physical risk factors (Table 4.1). 


The first studies on SBS appeared in the 1970s; physical risk factors were primarily 
examined. The main reasons for this may be related to the introduction of thermal 
insulated building envelopes, synthetic materials, and the application of mechanical 
systems. Solutions for lowering energy use were partly defined on the level of 
thermally improved materials and mechanical systems. 

Among physical risk factors, a number of studies examine the correlations 
between room air temperature, relative air humidity, and ventilation param- 
eters. Additionally, other parameters of physical risk factors, such as noise, day- 
light, and electromagnetic fields and ions in relation to SBS were examined in a 
small number of studies. 

Full-scale measurements (Omrani et al. 2017) were performed to investigate the 
effect of natural ventilation mode (i.e., single-sided, cross ventilation) on thermal 
comfort and ventilation performance. Results highlighted a significantly better 
performance of cross ventilation over single-sided ventilation. Indoor thermal 


Table 4.1 Parameters of the group of physical risk factors 


Parameters of thermal e Air temperature, surface temperature, absolute humidity of the 
comfort air, air velocity, metabolic rate, clothing 

Parameters of building e Ventilation mode 

ventilation * Qualitative and quantitative parameters of ventilation (e.g., 


ventilation rate, airflow) 


Noise and vibrations ¢ Sources and noise characteristics, sound level 

e Parameters related to sound insulation of construction complexes 
(e.g., weighted apparent sound reduction index, weighted 
standardized impact sound pressure level) 

e Room acoustics (e.g., reverberation time) 

e Vibration frequency, velocity, acceleration 

Daylight * Qualitative and quantitative parameters of daylight for visual and 


non-visual effects (e.g., illuminance, wavelength, time 
availability, spatial distribution, etc.) 


Electromagnetic fields e Type and characteristics of sources, distance of the source, 
radiation protection areas and zones, qualitative and quantitative 
characteristics of radiation (e.g., electric field strength, magnetic 
field strength, power density, averaging time, etc.) 


Ions e Sources 
e Air concentration of positive and negative ions 


Ergonomic issues and * Quantitative and qualitative aspects of task/environment/process/ 
universal design equipment design to fit the worker (dimensions, location, 
dynamic, static) 
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conditions were found to be within the comfort zone more than 70% of the time 
under cross ventilation operation while single-sided ventilation provided adequate 
thermal conditions only 1% of the time. 

In the Report by Commission of the European Communities (ECA 1989), 
indirect effects of low relative air humidity are defined and include static elec- 
tricity and consequent electric discharges and variations of the respirable sus- 
pended particulate matter in indoor environments (ECA 1989). Smallwood (2018) 
determined that static electricity nuisance shocks have become prevalent since floor 
covering and shoe sole materials have been increasingly made from highly insu- 
lating materials, such as polymers. Additionally, the author concluded that atmo- 
spheric humidity has a significant role in floor electrical resistance and static charge 
build-up (Smallwood 2018). 

Industrial machines, ventilation machinery, and other mechanical systems may 
produce low-frequency noise and vibrations. In current design practice, 
low-frequency noise and vibrations are often neglected, because they are not per- 
ceived. Schwartz (2008) highlighted that high-frequency noises—such as tele- 
phones, people talking, and computers—can actually mask the effects of 
low-frequency noise. If mechanical vibrations in the frequency range below 
20 Hz (ground-borne vibrations) affect dwelling rooms, the annoying effects are 
perceived only by a small portion of exposed individuals as a physical effect 
(Findeis and Peters 2004). 

Even if low-frequency noise is not perceived by occupants, it should not be ignored 
with regards to the health perspective. In the study on office environment by Burt 
(1996), low-frequency noise, produced by ventilation systems, was responsible for 
some of the SBS experienced by the occupants: fatigue, headache, nausea, concen- 
tration difficulties, disorientation, motion sickness, digestive disorders, cough, vision 
problems and dizziness. Burt (1996) concluded that repeated or long-term exposure to 
such amplified infrasound may trigger an allergic-type response in individuals. 
Similar findings were found by Hodgson et al. (1987) on vibrations in office envi- 
ronments, showing that an adjacent pump-room caused vibrations that resulted in 
the occurrence of SBS symptoms among a group of secretaries. 


4.2.2 Chemical-Chemical Interactions 


Detected chemical-chemical interactions are interactive influences among the 
parameters of the group of chemical risk factors (Table 4.2). 


Studies on chemical risk factors are mainly focused on the links between SBS 
symptoms exposure to different emission sources, such as construction products, 
furniture, and household products. They revealed the possible adverse health effects 
of construction products on building occupants, during normal use of the building 
or during emergency situations (i.e. fire). Despite those issues, many construction 
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Table 4.2 Parameters of the group of chemical risk factors 


Construction and household products, Composition and emission of hazardous 
furniture, equipment and emitted chemicals (e.g., formaldehyde, phthalates, 
pollutants volatile organic compounds, etc.) 

Odours Outdoor and indoor sources (i.e., animal farm, 


landfill, materials, household waste, individual 
heating, vicinity of industry, busy roads, 
highways) 

Composition and concentration 

Bio-effluents, bioaerosols 


Man-made mineral fibre Man-made vitreous (silicate) fibres: refractory 
ceramic fibres (RCF), special-purpose glass 
fibres, glass wool, rock wool, slag wool and 
continuous glass filaments. Usage according to 
function (thermal and acoustic insulation), 
installation, worker prevention 

Composition and emission of hazardous 
chemicals 


Environmental tobacco smoke Main-stream or side-stream smoke 
Number of smokers 

Used accessories (cigarettes, electronic 
cigarettes, vaporizers, etc.) 

Time, period 


Biocides Composition, usage 
Time, period 


Other indoor pollutants Cleaners, radon (from the ground) 


and household products on the market may present potential health concerns. The 
composition of construction and household products in relation to the content of 
harmful substances is often questionable; the relevant legislation and inspection 
are incomplete. 

Construction products, household products, furniture, and other equipment may 
emit harmful substances in the surrounding environment throughout their life cycle 
(Dovjak and Kristl 2011; Šestan et al. 2013). Wooden construction products and 
furniture (i.e., plywood, particleboard, fibreboard, oriented strand board (OSB), 
panel boards, urea-formaldehyde foam, etc.), paints, adhesives, varnishes, floor 
finishes, disinfectants, cleaning agents, and other household products emit 
formaldehyde (Sestan et al. 2013). In addition to its widespread use in everyday 
life, formaldehyde (and its health effects) is one of the most examined harmful 
substances in relation to construction products and indoor air quality issues. 
Adverse health effects from exposure to formaldehyde in prefabricated houses, 
especially irritation of the eyes and upper airways, were first reported in the 
mid-1960s (Salthammer et al. 2010). Current studies are focused on the potential 
exposure and cancer risk from formaldehyde emissions from installed construction 
products (Sheehan et al. 2017). A long-term study of formaldehyde emission decay 
from particle board has been carried out by Zinn et al. (1990). For products 
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manufactured in 1986 and 1987, the overall three-quarter (75% of initial concen- 
tration) and half-lives were 38 and 216 days, respectively (Salthammer et al. 2010). 

Polyvinyl chloride (PVC) construction products, personal-care products, medical 
devices, detergents and surfactants, packaging, children’s toys, modelling clay, 
waxes, paints, printing inks and coatings, pharmaceuticals, food products, and 
textiles contain phthalates, which are easily released into the environment because 
there is no covalent bond between the phthalates and plastics (Dovjak and Kristl 
2011). The earliest research about their adverse effects on human health was when 
Sarié et al. (1976) published the article about malignant tumours of the liver and 
lungs in an area with the PVC industry. In the 1980s and ‘90s, the studies were 
focused primarily on cancer (Heudorf et al. 2007; Jaakkola et al. 1999; Blount et al. 
2000). Moreover, studies in the late 1990s concluded that these chemicals are 
thought to be endocrine disruptors, responsible for low testosterone levels, 
declining sperm counts and quality, genital malformations, retarded sexual devel- 
opment or even reproductive abnormalities and increased incidences of certain 
types of cancer (Heudorf et al. 2007; Blount et al. 2000). Currently, the majority of 
studies (Jaakkola et al. 1999; Bornehag et al. 2004) showed the association between 
phthalates and asthma, allergies, or related respiratory effects. In the study by 
Subedi et al. (2017), concentrations of potentially toxic plasticizers (phthalates, 
non-phthalates) were investigated in 28 dust samples collected from three different 
indoor environments across the USA. The observed concentrations of these 
replacement non-phthalate plasticizers were as high as di-(2-ethylhexyl) phthalate, 
the most frequently detected phthalate plasticizer at the highest concentration 
worldwide, in most indoor dust samples. The estimated daily intakes of total 
phthalates (n = 7) by children and toddlers through indoor dust in childcare facil- 
ities were 1.6 times higher than the non-phthalate plasticizers (n = 3), whereas the 
estimated daily intake of total non-phthalates for all age groups at homes were 1.9 
times higher than the phthalate plasticizers. Occupational intake of phthalate and 
non-phthalate plasticizers through the indoor dust at hair salons was more elevated 
than at homes in the USA. 

In addition to plasticizers, flame retardants are used in a variety of construc- 
tion products and furniture. Takeuchi et al. (2014) measured 59 compounds, 
including plasticizers (phthalates, adipates, and others) and flame retardants 
(organo-phosphates and brominated compounds), from indoor air samples from six 
houses in Sapporo, Japan. Among the 59 compounds measured in this study, 34 
were detected from the indoor air of the six houses. These results suggested that 
compounds with higher volatility exist preferentially in the gas phase, whereas 
compounds with lower volatility exist preferentially in the particulate phase in 
indoor air. 

Volatile organic compounds (VOCs) are emitted as gases from certain solids or 
liquids. VOCs include a variety of chemicals, some of which may have short- and 
long-term adverse health effects. Concentrations of many VOCs are consistently 
higher indoors (up to ten times higher) than outdoors (EPA 2017). Sources of 
VOCs in indoor environments include construction products, furniture, household 
products (waxes, detergent, insecticides), products of personal hygiene (cosmetics), 
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do-it-yourself goods (resins), office materials (photocopier ink) or ETS (ECA 
1989). A cross-sectional epidemiological study by Azuma et al. (2017) examined 
the correlation between indoor air quality and building-related symptoms of office 
workers (N = 107 office workers during winter, 207 office workers during summer) 
in 17 air-conditioned office buildings in Tokyo, Osaka, and Fukuoka. The study 
found that several irritating VOCs (e.g., formaldehyde, acetaldehyde, ethylbenzene, 
toluene, and xylenes) that were positively correlated with the indoor air concen- 
tration among their VOCs were associated with upper respiratory symptoms, 
although their indoor air concentrations were lower than those specified by the 
indoor air quality guidelines. 

Inefficient ventilation systems, incomplete combustion processes, unvented 
heating, gas cooking, tobacco smoking may result in higher concentrations of other 
indoor air quality (IAQ) pollutants such as CO,, CO, NOx, SOx (ECA 1989). IAQ 
pollutants may present a significant source of odours (ECA 1989, Nakaoka et al. 
2014), natural (e.g., users, animals, plants, etc.) or artificial origin (e.g., materials, 
systems, etc.). Odours are organic or inorganic compounds and can be both pleasant 
and unpleasant. Some odours can be health hazards, and some are not (CDC 2017). 

Users emit bio-effluents (volatile and non-volatile organic compound) and 
bioaerosols (particles) (Bivolarova et al. 2017). The most commonly known 
bio-effluent produced by human metabolism is CO . Bioaerosols may consist of 
bacteria, fungi (and spores and cell fragments of fungi), viruses, microbial toxins, 
pollen, plant fibres, etc. (Douwes et al. 2003). Qualitative and quantitative char- 
acterization of bio-effluents and bioaerosols should be considered in the design of 
ventilation systems. 


4.2.3 Chemical-Physical Interactions 


Detected chemical-physical interactions are interactive influences among 
parameters of the group of chemical risk factors and parameters of the 
group of physical risk factors (parameters of thermal comfort, parameters 
related to building ventilation systems, noise, vibrations, daylight, EM fields, 
ions, ergonomic issues, universal design). 


The emission rates of harmful substances from the construction products, household 
products, furniture, and other indoor sources are influenced by environmental 
conditions, such as air temperature, surface temperatures, relative humidity of 
indoor air, air change rate and surface air velocity (ECA 1989; Haghighat et al. 
1998; Sakai et al. 2004; Järnström et al. 2006; Blondel and Plaisance 2011; Clausen 
et al. 2012; Kim et al. 2012; Xu et al. 2009; Nimmermark and Gustafsson 2005). 
The impact of environmental parameters on the emission behaviours of various 
compounds was studied in laboratory conditions inside a test chamber or in real 
built environments. Huang et al. (2015) proved that relative humidity is one of the 
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main environmental factors affecting the emission behaviours of formaldehyde 
from construction products. The results of their experimental study showed that 
formaldehyde emissions increased by 10 times as relative humidity increased from 
20 to 85%. Xu and Zhang (2011) found the opposite, concluding that there is no 
distinguishable difference in the effective diffusion coefficient of formaldehyde 
when the relative humidity is between 25 and 50%. 

Sakai et al. (2004) performed a comparative study in urban dwellings in Japan 
and Sweden and proved that indoor concentrations of formaldehyde were 
increased at higher air temperature and relative humidity. The same findings 
were reported in the study by Järnström et al. (2006) for new residential buildings in 
Finland and in the study by Blondel and Plaisance (2011) for students’ rooms in 
France. Järnström et al. (2006) measured higher concentrations of formaldehyde in 
summer, at higher air temperatures and relative humidity. Vice versa, lower con- 
centrations were measured in winter, at lower air temperatures and drier air. Blondel 
and Plaisance (2011) concluded that the rise of formaldehyde emissions from 
indoor materials correlated with air temperature. Similar findings were confirmed in 
an experimental study in a test chamber by Zhang et al. (2007), where the increase 
of air temperature resulted in higher emission rates of formaldehyde from analysed 
materials. 

In addition to air temperature and relative humidity, air velocity also has an 
important effect on the emissions of indoor materials. In a study by Zhu et al. 
(2013), the effect of ventilation on the VOCs concentration was analysed by using 
the developed integrated model for VOCs emission/sorption from/on building 
materials. The results showed that concentration in the air varies with the same 
tendency as the air exchange rate. 

Pollutant emissions are also related to the type of HVAC system. Chen et al. 
(2016) studied formaldehyde emissions from porous building material under 
non-isothermal conditions. Experiments demonstrating the emission of formalde- 
hyde during floor heating and air circulation systems were carried out in a con- 
trolled environmental chamber. The results showed that the equilibrium 
concentration in an airtight chamber with a floor heating system is higher than that 
in an air circulation heating system. 

In addition to formaldehyde emissions, air temperature and relative humidity 
have a significant effect on the emissions of other indoor air pollutants, such as 
phthalates, VOCs and odours. Clausen et al. (2012) analysed the influences of air 
temperature and relative humidity on the emission of di-(2-ethylhexyl) phthalate 
(DEHP) from PVC flooring. The study concluded that DEHP concentrations 
increased substantially with increasing air temperature and were independent of 
the relative humidity. Similarly, the study by Nimmermark and Gustafsson (2005) 
showed that odour emission increased significantly with air temperature at 
constant ventilation rates. A comprehensive literature review by Haghighat et al. 
(1998) noted that emission rates of total volatile organic compounds (TVOCs) 
increased with air temperature for both paint and varnish. However, the individual 
compounds did not necessarily follow the same trend established by the TVOC; 
they showed greater emission rates at lower air temperatures. The effects of relative 
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humidity on the emissions of TVOC differed between paint and varnish. Individual 
compounds showed higher emission rates for lower levels of humidity and vice 
versa. The VOC emission characteristics of these materials are essential for 
understanding indoor air pollution dynamics (Jiang et al. 2017). Jiang et al. (2017) 
investigated the emission characteristics of VOCs from particleboard in sealed or 
ventilated environmental chambers at different temperatures (23, 35, or 50 °C), with 
a focus on the emission of odorous compounds. The emissions of HCHO and total 
VOCs (TVOC) from the particleboard increased significantly with temperature, 
and the emitted VOC mixtures had complex chemical compositions. At room 
temperature (23 °C), n-hexane was the most abundant compound, except HCHO; 
but at higher temperatures, concentrations of hexanal and pentanal significantly 
increased. Moreover, due to their low odour thresholds, aldehydes, particularly 
hexanal and pentanal, were identified as the major odorous compounds emitted 
from the particleboard. 

In addition to air temperature and relative humidity, VOC emissions are influ- 
enced by surface temperatures. Kim et al. (2012) measured VOC emissions from 
building materials in residential buildings in Korea with radiant floor heating sys- 
tems. The results showed that the VOC emissions from flooring materials increased 
as the floor temperature rises. In particular, increased temperatures may accelerate 
chemical reactions within the material, leading to additional VOC emissions (Kim 
et al. 2012). Emitted pollutants can be adsorbed onto indoor surfaces (carpet, wood, 
skin) and re-emit in indoor air (Xu et al. 2009) or they may react with each other 
and form secondary pollutants. 

High relative humidity in combination with room temperatures often results 
in dampness and odours. Dampness-related problems Oe. mould spots, damp 
stains, water damage and condensation) are risk factors for the perceptions of 
odours and sensations of humid air and dry air, as proven by Wang et al. (2013), in 
domestic environments in Chongqing, China and Zhang et al. (2012) in workplace 
buildings in Uppsala, Sweden. 

The type of building ventilation system (i.e., natural-ventilation vs. mechanical 
systems) was related to IAQ and SBS as it was presented in the comparative study 
by Costa and Brickus (2000) in Niteroi, Rio de Janeiro, Brazil. Occupants in 
naturally ventilated offices have fewer SBS symptoms than occupants of 
air-conditioned offices (Costa and Brickus 2000, Seppänen and Fisk 2002). The 
importance of effective household ventilation via window opening frequency in the 
prevention of the negative effects of home dampness exposure on common cold 
was highlighted in the study by Sun et al. (2017). A cross-sectional survey on home 
environment and childhood health collected 13,335 parent-reported questionnaires 
of 46-year-old children in Shanghai, China. The results revealed that 
dampness-related exposures and household ventilation habits (p-value for interac- 
tion <0.001) had a strong interaction effect on the incidence and duration of the 
common cold. 

In a field experiment by Shan et al. (2016), two identical tutorial rooms were 
studied to compare human subjects’ thermal comfort, SBS, and short-term 
performance under mixing ventilation and passive displacement ventilation. 
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Higher CO, concentration was the main factor causing SBS related to the head, 
while both higher CO, concentration and lower relative humidity contributed to 
SBS related to the eyes. As a consequence, SBS resulted from high CO2 concen- 
tration and low relative humidity could lead to decrease in short-term performance. 
Mixing ventilation leads to higher overall draft sensation while displacement 
ventilation results in the sensation of cold feet. 

Inadequately functioning, obsolete, and poorly maintained HVAC systems, 
decreased number of air changes, and decreased volumes of clean air may lead to 
increased concentrations of indoor air pollutants and may result in the occurrence of 
SBS symptoms (ECA 1989; Redlich et al. 1997; Assimakopoulos and Helmis 2004; 
Seppänen et al. 1999). Moreover, ventilation rates strongly influence the emission 
rates from indoor sources, such as DEHP emission rates from PVC flooring. Similar 
findings were reported in a study by Hodgson (2000) in houses in Florida, where 
VOCs emission rates at the low and high ventilation rates decreased with 
decreasing compound volatility. Additionally, the ventilation system itself can be a 
source of air pollutants. Unsealed fibreglass and other insulation material lining the 
ventilation ducts can release particulate material into the air. Such material can also 
become wet, creating an ideal and often concealed site for the growth of microor- 
ganisms (Redlich et al. 1997). Azuma et al. (2017) studied the correlation between 
indoor pollutants and building-related symptoms on office workers (N = 107 
workers during winter, 207 workers during summer) in 17 buildings with 
air-conditioning systems in Tokyo, Osaka, and Fukuoka. Results revealed that upper 
respiratory symptoms showed a significant correlation with increased indoor tem- 
peratures and increased indoor concentrations of suspended particles released from 
the ambient air pollution via air-conditioning systems during winter. 

Construction products can affect the transport and removal of indoor VOCs by 
sorption and desorption. Zhu et al. (2013) developed an integrated model capable 
of predicting the emission/sorption of VOCs from/on building materials under 
variable air exchange rates. Construction products can act as sinks or sources of 
VOCs emission. 


4.2.4 Chemical-Biological Interactions 


Chemical-biological interactions are interactive influences among parame- 
ters of the group of chemical risk factors and parameters of the group of 
biological risk factors (i.e., moulds, bacteria, MVOCs, house dust). 


Household dust serves as a good proxy for assessing indoor air pollution 
(Gustafsson et al. 2018). A characterization of residential house-dust by Gustafsson 
et al. (2018) showed that the respirable fraction of dust contains aluminium and zinc 
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as dominating metals, silicon dioxide and calcium carbonate as the major mineral 
components, and bacterial, fungi and skin fragments in an organic matrix. 

House dust often contains substances that are emitted from construction prod- 
ucts, i.e., phthalate esters and other plasticisers emitted from PVC products (Kishi 
et al. 2012; Bamai et al. 2014), brominated flame retardants (Kajiwara and 
Takigami 2016), etc. Bamai et al. (2016) estimated phthalate intake from urinary 
metabolite among Japanese children and house dust levels in living environment. 
The results suggested that, among Japanese children, house dust from low surfaces, 
such as living room floors, might play a meaningful role in the indoor environ- 
mental exposure pathway for BBzP and DEHP. Phthalate intake via dust ingestion 
seems more strongly related to health than total intake. 

Polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecanes 
(HBCDs) are widely used as synthetic additives to reduce the flammability of 
plastics, textile coatings, and electronic appliances (Kajiwara and Takigami 2016). 
Although the use of PBDEs and HBCDs has been phased out as per international 
regulations, they still contribute greatly to the overall emissions. Kajiwara and 
Takigami (2016) examined the concentrations, profiles, and mass distributions of 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecanes (HBCDs), 
and polybrominated dibenzo-p-dioxins/furans (PBDD/Fs) based on the particle 
sizes of house dust samples from five homes in Japan. PBDEs, HBCDs, and 
PBDFs were detected in all the samples analysed. 

A direct or indirect relation between damp or mould in the home and respiratory 
health were examined by Peat et al. (1998). Home dampness is thought to have 
health consequences because it has the potential to increase the proliferation of 
house-dust mites and moulds, both of which are allergens. 


4.2.5  Biological-Biological Interactions 


In the 1980s, in addition to physical risk factors, a number of studies examined 
biological risk factors, specifically the association between the presence of many 
biological agents in the indoor environment and dampness-related problems (mould 
spots, damp stains, water damage, and condensation) as well as inadequate venti- 
lation. Studies on the exposure to other biological risk factors and SBS occurrence 
are scarce at present, mainly due to the fact that SBS but also BRI presents a 
common result of exposure to biological agents (i.e., aspergillosis). 


Biological-biological interactions are interactive influences among parame- 
ters of the group of biological risk factors (Table 4.3). 


The major sources of micro-organisms in indoor environment areas are humans, 
pets, room plants, waste, house dust, textiles, carpets, furniture fillers, and air filters 
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Table 4.3 Parameters of the group of biological risk factors 


Bacteria | Micrococcus sp., Staphylococcus sp., Streptococcus sp., Bacillus sp., Neisseria sp., 
Actinomyces sp. (Sekulska et al. 2007) 


Moulds Cladosporium sp., Penicillium sp., Aspergillus sp., Mucor sp. (Yassin and 
Almouqatea 2010; Sekulska et al. 2007) 


Viruses Many viruses that infect humans (respiratory tract, common cold, e.g., 
Adenoviruses, influenza e.g., influenza viruses) 


for HVAC systems that are not properly maintained or not replaced in time (Yassin 
and Almouqatea 2010). 

The association between MVOCs, dampness, and mould was reported in the 
study by Assimakopoulos and Helmis (2004) on a public building in the centre of 
Athens and in the study by Sahlberg et al. (2013) in 159 homes in Reykjavik, 
Uppsala and Tartu. Opposite findings were found in a study by Wieslander et al. 
(2007) on health effects in office workers (N = 18) in a medical casebook archive 
with dampness caused by flooding. The measurements of moulds and microbial 
volatile organic compounds could not identify any obvious exposure contrast 
between the damp building and the dry control building. The flooded building had 
slightly higher levels of MVOC. However, subjects previously exposed to building 
dampness had an increase of symptoms. 

Examination of MVOCs in indoor air has also become an important method for 
the detection of the type and intensity of masked contamination by moulds (Fiedler 
et al. 2001; Choi et al. 2017). 


4.2.6 Biological-Physical Interactions 


Detected biological-physical interactions are interactive influences among 
parameters of the group of biological risk factors and parameters of the 
group of physical risk factors. 


High relative air humidity in combination with air temperature may lead to the 
occurrence of condensation on surfaces, material damage, dampness, and toxic 
mould growth (ECA, 1989). 

Moisture and temperature are the two key environmental parameters that 
determine the possibility of mould growth on construction complexes (Sautour 
et al. 2002). At relative humidity at or above 75-80% (0.75-0.8 water activity, 
water available in the material for microbial growth,), there is a possible risk of 
mould growth on construction products (Grant et al. 1989; Johansson et al. 2013). 
Relative humidity is affected by temperature, as temperature is reduced below 5 or 
increased above 35 °C (Zak and Wildman 2004), cellular processes are slowed 
down. In addition to air temperature and relative humidity, the type of material and 
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its specific critical moisture level are important influential factors. If this is 
exceeded, there is a risk that mould fungi will develop on the material. 

In indoor active spaces, the temperature and relative humidity often fluctuate due 
to seasonal variations, user activities, etc. The effect of cyclic moisture and 
temperature on mould growth on wood compared to steady-state conditions was 
studied by Johansson et al. (2013). The authors proved that the duration of 
favourable conditions of relative humidity was decisive for mould growth and 
fluctuating temperature lead to slower mould growth. Additionally, the impact of 
moisture content in construction products on mould growth is presented in more 
detail in Sect. 4.4. 

In a study by Lappalainen et al. (2015), VOC emissions from hidden mould 
growth were investigated using an IAQ simulator test. MVOCs can be released 
from a moisture-damaged wall structure into an indoor environment, and the impact 
of the relative humidity of the material is remarkable. The concentration of 
MVOC is also related to absolute humidity and ventilation efficiency. 
A case-control investigation (198 cases and 202 controls) showed that homes with a 
high concentration of the MVOC were not only associated with a high absolute 
humidity but were also poorly ventilated. Specifically, joint exposure to high 
MVOCs and high absolute humidity was associated with 2.6-times greater odds of 
the doctor-diagnosed childhood asthma (95% CI, 0.7-8.91; P = 0.137). 

Additionally, mites as important biological agents are related to a room’s rel- 
ative humidity. They can be destroyed by keeping absolute humidity below 7 g/kg 
of air (about 45%) during the winter time (ECA 1989). If relative humidity is too 
low, which usually happens during the heating season, humidifiers are introduced. 
Humidifiers provide an optimal place for microbes to flourish. In addition to 
humidifiers, dehumidifiers, cooling devices, indoor A/C units are problematic for 
the growth of microorganisms (ECA 1989). 

Salimifard et al. (2017) investigated the impacts of humidity and air swirl on 
the resuspension of biological particles (i.e., quartz, dust mite, cat fur, dog fur, and 
bacterial spore-Bacillus thuringiensis as an anthrax simulant) from floor and duct 
surfaces. The results showed that the particle property of being hydrophilic or 
hydrophobic plays an important role in the particle resuspension rate. The resus- 
pension rates of hydrophilic dust mite particles increase up to two orders of 
magnitude as relative humidity decreased from 80 to 10% at 25 °C. However, the 
resuspension rates of cat fur and dog fur particles that are hydrophobic are within 
the measurement error range (+15%) over 10-80% relative humidity. With regard 
to the resuspension of bacterial spores (Bacillus thuringiensis) from a duct surface, 
the resuspension rates are substantially affected by air swirl velocity and particle 
size (Salimifard et al. 2017). 

Human-made water systems (e.g., hot water systems, ventilation systems, 
cooling towers, humidifiers, whirlpool spas) are common sources of outbreaks of 
Legionella infection (NIPH 2012). Transmission can also occur in public and 
residential buildings. Incidence of the disease is higher in the summertime, possibly 
because of increased use of cooling towers for air conditioning systems and 
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differences in water chemistry when outdoor temperatures are higher (Prussin 
et al. 2017). 

Major indoor environmental factors, such as relative humidity, characteristics 
of air ventilation systems, seasonal variation, temperature, and chemical composi- 
tion of the air influencing bioaerosol concentration (Law et al. 2001; Park et al. 
2001). Studies proved (Law et al. 2001; Park et al. 2001) that concentrations of 
endotoxin and airborne fungi were positively related to indoor relative humidity 
(higher concentration associated with higher relative humidity). Relative humidity 
also affects the infectivity of airborne viruses (Verreault et al. 2008). 


4.2.7 Personal-Physical Interactions 


In the 1990s, researchers realized that SBS was influenced also by psychosocial, 
personal, and other risk factors. Nevertheless, psychosocial, personal and other risk 
factors remain neglected research areas. 


Detected physical-personal interactions are interactive influences among 
parameters of the group of physical risk factors and parameters of the 
group personal risk factors (gender, health status, individual differences). 


A literature survey on how different factors influence human comfort in indoor 
environments (Frontczak and Wargocki 2011) showed that thermal comfort was 
influenced by the level of education, the relationship with superiors and colleagues 
and time pressure, but not by gender, age, body build, fitness, health, self-estimated 
environmental sensitivity, menstruation cycle, pattern of smoking and coffee 
drinking, job stress or hours worked per week. Additionally, the impact of indi- 
viduality on thermal sensation was presented in greater detail in Chaps. 1 and 2. 

Social status is a significant health determinant related to built environments. 
Several studies (Metin Özcan et al. 2013; Yun and Steemers 2011; Santamouris et al. 
2007) evaluated the association between social status and indoor environmental 
quality issues. The considered socio-economic indicator in these studies was fuel 
poverty. 


BOX 4.1 Fuel poverty 

A person is to be regarded as living “in fuel poverty” if he is a member of a household 
living on a lower income in a home that cannot be kept warm at a reasonable cost 
(WHECA 2000). A frequently used definition is that when a household needs to spend 
more than 10% of its income to keep its dwelling adequately warm and for other 
energy services, it is fuel poor (Boardmann 1991). 
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Fuel poverty is measured by: 


e inability to keep homes adequately warm, 

e arrears on utility bills, 

e people living in a dwelling with a leaking roof, damp walls, floors or foundation 
(Kontonasiou et al. 2015). 


Between 50 and 125 million people in the EU are estimated to suffer from fuel 
poverty (WHO 2012). The number will inevitably rise in the future as global energy 
prices increase (EPEE 2017). The data from the Assessment report on environmental 
health inequalities in Europe (WHO 2012) provide strong evidence that the 
non-sanitary housing inequalities—overcrowding, dampness and thermal comfort 
related to cool and warm homes—exist in almost every country. Similar results were 
found in a Pan-European study (Velux 2016; Velux Group 2017), Europeans who live 
in energy poverty are almost three times as likely to live in damp, unhealthy buildings. 

Low-income populations, and especially low-income single-parent households 
and the elderly are the most affected across all indicators. 

Fuel poverty is strongly related to ability to keep a home comfortably warm in 
winter and comfortably cool in summer (WHO 2012; BPIE 2014). Forty-five 
percent of the studied European population reduce their temperatures to lower their 
energy bills (Velux 2016). In addition to winter, summer indoor air temperatures 
may be a problem. The proportion of the general population unable to keep their 
dwellings comfortably cool in summer is even higher than the proportion unable to 
keep the home warm in winter (WHO 2012). 

The increasing trend of fuel poverty is related to indoor environmental quality issues. 
In 2012, 12.9% of the EU-28 population declared that their dwelling was not com- 
fortably warm during winter, and almost 20.0% of Europeans perceived their dwellings 
to be not sufficiently insulated against excessive heat during summer (Eurostat 2017). 

The environmental health inequalities in relation to built environment issues 
represent critical research areas on the global and national scales. Findings on the 
association between socio-economic indicators and indoor environmental quality 
are beneficial especially in defining national laws on housing and social policies as 
well as defining priority actions to ensure their effective implementation throughout 
the country. 

For example, in 2015, households in Slovenia spent on average 6.7% of their 
disposable income on electricity, gas and other fuels, which is 0.7 of a percentage 
point less than in 2012 (latest available data) and the same as in 2000. Having 
reviewed the distribution of households by income quintiles, we found that 
expenditure for electricity, gas and other fuels in 2015 in the first quintile (repre- 
senting 20% of households with the lowest income) represented on average 17.7%. 
Fuel poverty indicators among people at risk of poverty in Slovenia are: 37.5% 
arrears on utility bills (10% EU average), 17.3% inability to keep home adequately 
warm (10.8% EU average) and 46.1% dwellings with leakages & damp walls 
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(15.1% EU average) (Kontonasiou et al. 2015). Socio-economic status is related to 
indoor environmental quality issues. The results of the online pilot survey in 
Slovenia on 714 respondents (Recek 2017; Recek et al. 2019) showed that 
households with a better socio-economic status spend more household income for a 
better living comfort and consequently stay in facilities with better indoor envi- 
ronmental quality. Such environmental quality is also detected in buildings with 
higher energy efficiency. Based on the results of the online survey, the 
socio-economic status of a household does not influence the energy efficiency of a 
building. The main reason for the investment in increased energy efficiency of 
buildings is lower energy consumption for heating, to which respondents give 
priority over indoor environmental quality (Recek 2017; Recek et al. 2019). 


4.2.8 Personal-Chemical Interactions 


The most important findings of the literature review show that many studies have 
examined the correlation between SBS symptoms and physical risk factors as well 
as the correlation between SBS symptoms and chemical risk factors, while the 
evidence on the correlation between SBS symptoms and biological, psychological, 
personal and other risk factors is for the moment scarce. 


Detected personal-chemical interactions are interactive influences among 
parameters of the group of personal risk factors and parameters of the 
group of chemical risk factors. 


Many studies have focused on the adverse health effects of indoor air pollutants 
among highly sensitive groups of individuals, such as children, the elderly, and 
occupational groups (Heudorf et al. 2007; Jaakkola et al. 1999). 

Numerous epidemiological studies have shown associations between air pollu- 
tion and reduced lung function and increased prevalence of respiratory diseases 
among children and young adults (Sierra-Vargas and Teran 2012). Current epi- 
demiological studies that explore the impact of indoor air quality on respiratory 
diseases are mostly limited to estimations of prevalence or incidence observed in a 
particular age group (Eder et al. 2006). Due to their physiological characteristics, 
children are vulnerable in relation to environmental impact, as they inhale more air 
than adults do and, therefore, their exposure is greater. Toxic substances may disrupt 
or interfere with the rapid development of various body functions, which can lead to 
irreversible diseases and organ damage. Indoor pollutants can cause or aggravate 
various medical conditions such as allergies, asthma, and other respiratory diseases. 
Thus, a healthy school environment is crucial in protecting the health of children 
since they spend up to eight hours per day and nine months per year in the school 
premises (WHO 2004). The number of studies exploring the association between 
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respiratory diseases and indoor air quality is increasing although the number of 
studies in educational institutions remains relatively low, as most epidemiological 
research focuses on indoor air at home. One indicator of respiratory disease is 
reduced lung function, which can be measured with spirometry. In this procedure, 
the volume and rate of exhaled air is measured, from which the state of illness in the 
respiratory tract may be inferred (Kaminsky 2012). Asthma is the most common 
childhood disease in developed countries with a statistically significant morbidity 
and increasing prevalence (Eder et al. 2006). Typical symptoms are bronchial 
hyper-responsiveness, chronic inflammation of the airways, and recurrent wheezing 
(Weichenthal et al. 2007). The identification of air pollutants that are causally 
associated with the development of asthma is extremely difficult due to the complex 
combination of pollutants and etiological heterogeneity of asthma (Delfino 2002). 
The positive correlation between oxidative stress, indoor air pollution (VOC, 
CO2), and SBS complaints was proved in the study by Lu et al. (2007) among 389 
office workers in 87 government offices of eight high-rise buildings in Taipei, Taiwan. 


4.2.9 Interactions Between Other Health Risk Factors 
and Their Parameters 


The strong relationship between ownership and building age was proved by 
Engvall et al. (2000) in Stockholm, 609 multi-family buildings with 14,235 
dwellings. Subjects owning their own building reported less SBS, but 5% of all 
buildings built before 1961, 13% of those built in 1976-1984, and 15% of those 
built in 1985—1990 would have significantly more SBS than expected. Mizoue et al. 
(2001) examined these relations using data from a 1998 cross-sectional survey of 
1,281 municipal employees who worked in a variety of buildings in a Japanese city. 
Working overtime for 30 or more hours per month was also associated with SBS 
symptoms. Personal lifestyles are an additional factor. 

The association between personal and psychosocial factors was confirmed in 
the study by Ooi and Goh (1997). The authors found an incremental trend in 
prevalence of SBS among office workers who reported high levels of physical and 
mental stress and decreasing climate of co-operation. Similar findings were 
reported in the study by Burge (2004), where SBS symptoms were generally more 
common and more problematic in the stressed, the unloved, and in individuals 
who feel powerless to change their situation (Burge 2004). Another important 
issue is related to possibility of individual regulation and control of indoor 
environmental parameters. Poor individual control of temperature and lighting 
are associated with increased symptoms (Jaakkola et al. 1989). The study by Burge 
(2004) proved a strong association between lack of control of the office environ- 
ment and symptoms. Two quantitative studies (Temeljotov Salaj et al. 2015; Baričič 
et al. 2014) on 1,036 office workers in Slovenia and 394 office workers in Lebanon 
showed that real-estate factors of the workspace—in terms of the assessment of 
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office building and the position of the employee, as well as the workspace design— 
have an impact on the satisfaction of employees and, consequently, their assessment 
of health. 


4.3 Multi-group Interactions 


Detected multifactorial interactions are interactive influences among pa- 
rameters of different groups of risk factors. Many studies have analysed 
the association between various risk factors for SBS. 


The effect of physical, chemical and personal health risk factors and their 
parameters were analysed by Burge (2004). Burge (2004) found out that there was 
an association between increasing air temperature, overcrowding, and inade- 
quate ventilation and the occurrence of SBS. Household formaldehyde exposure 
and its associations with dwelling characteristics, lifestyle behaviours, and 
childhood health outcomes in Shanghai, China was studied by Huang et al. 
(2017). Examining 409 children’s bedrooms, the authors determined that bedrooms 
with mechanical ventilation had lower formaldehyde concentrations than those with 
natural ventilation. Results indicated that household formaldehyde exposure may 
increase the risk of the common cold in childhood. Household formaldehyde had 
few significant associations with the studied illnesses. Families with sick children 
perhaps pay more attention to improving indoor air quality. 

The effect of physical, chemical and microbiological characteristics of 19 
governmental office buildings in the Netherlands and SBS were analysed by 
Teeuw et al. (1994). Moreover, Skov et al. (1990) performed a multivariate logistic 
regression analyses on 2,369 office workers in 14 buildings in Copenhagen, 
Denmark, in which the influence of various factors, such as the concentration of 
macromolecular organic floor dust, the floor covering, the number of work- 
places in the office, the age of the building, the type of ventilation, shelf factor 
and fleece factor on SBS symptoms was investigated. 

The effect of physical, chemical, biological and personal factors was also 
evaluated in residential buildings. Lu et al. (2016) studied associations between 
outdoor air pollution, meteorological parameters, and selected indoor expo- 
sure and building characteristics at home and weekly SBS symptoms in a stan- 
dardized questionnaire study among 3,485 randomly selected adults in China. 
Indoor factors played a major role in SBS symptoms. Mould/dampness on the floor/ 
ceiling was associated with fatigue OR = 1.60 (1.11-2.30) and headache OR = 1.80 
(1.07-3.04). Mouldy odour was associated with fatigue OR = 1.59 (1.07-2.37) and 
dermal symptoms OR = 1.91 (1.21-3.02). Windowpane condensation in winter 
was associated with fatigue OR = 1.73 (1.30-2.31) and throat symptoms 
OR = 1.53 (1.01-2.31). Damp bed clothing was related with throat symptom 
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OR = 1.62 (1.09-2.40). Home redecoration was associated with fatigue OR = 1.49 
(1.07-2.06). Frequent window opening was associated with less nose symptoms 
OR = 0.54 (0.36-0.82), and mechanical ventilation in the bathroom reduced dermal 
symptoms OR = 0.66 (0.44—0.99). Females were more susceptible to redecoration 
and windowpane condensation than men were. No associations with SBS were 
observed for outdoor air pollutants or meteorological parameters in the final models 
combining indoor and outdoor factors, although SO, temperature, and relative 
humidity were associated with some SBS symptoms (fatigue, eyes and nose 
symptoms) in the separate outdoor models. In conclusion, indoor mould/dampness, 
air pollution from redecoration, and poorer ventilation conditions in dwellings can 
be risk factors for SBS symptoms in an adult Chinese population, especially among 
females (Lu et al. 2016). 

The effect of personal, physical, and biological factors was also statistically 
evaluated on a larger scale. The EU SILC survey (Ecofys 2017) on 100,000 
individual households and more than 250,000 adults (16 years and older) proved 
statistically very significant correlations among socio-economic indicators, state 
of building, and health issues. Around 33% of adults (16.2 million) report 
dampness when being unable to keep their dwelling warm, but only 12% when 
being able to do so. The probability that adults report dampness is 2.8 times higher 
when they are unable to keep their dwelling warm. In multi-family buildings, this 
probability is around 2.5 times higher, and in single-family buildings, this proba- 
bility is approximately three times higher in comparison to when there are no 
difficulties. A share of 13% of adults (6.4 million) report lack of daylight when 
being unable to keep their dwelling warm, but only 6% when being able to do so; 
20% of adults (10 million) report poor health when being unable to keep their 
dwelling warm, but only 9% when being able to do so. 

Several studies make the same conclusions that it is difficult to pinpoint the 
causative factor for SBS due to multifactorial effects. In a study of an 
air-conditioned building in Niteroi, Rio de Janeiro, Brazil, Costa and Brickus 
(2000) concluded that poor individual control of temperature and lighting are 
associated with increased symptoms. A univariate analysis, performed by 
Abdel-Hamid et al. (2013) at the Faculty of Medicine, Ain Shams University, 
Cairo, Egypt showed that poor lighting, poor ventilation, lack of sunlight, 
absence of air currents, high noise, temperature, humidity, environmental 
tobacco smoke, use of photocopiers, and inadequate office cleaning were sta- 
tistically associated with SBS symptoms. Building characteristics, such as year of 
construction and the effect of indoor emissions lead to SBS. New houses and new 
furniture result in higher emissions (Takigawa et al. 2012). 
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Fig. 4.1 General decision-making process in built environment 


4.4 Decision-Making Tool in the Design of Built 
Environments 


The identification of risk factors and their parameters is a crucial step for effective 
prevention and control of health outcomes in the built environments. Additionally, 
it is important to detect all interactive influences among factors and their parame- 
ters. Detected interactive influences among parameters are problematic fields that 
have to be eliminated or minimized. 


BOX 4.2 Problematic field 
A problematic field represents a main focus point in the decision-making process. 
Specifically, it includes: 


— single or multi-group interactions between parameters in built environment, 
— exposure time, 


— exposure population, especially vulnerable population groups. 


For every problematic field, causes and consequences are defined, which serve 
as a basis for the development of effective measures, accompanied by step-by-step 
activities to be used in the decision-making process in the design of built envi- 
ronments (Fig. 4.1). 
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BOX 4.3 Decision-making in the design of built environments 

Decision making is the process of identifying the likely consequences of decisions, 
establishing the importance of single and multi-group interactions between health risk 
factors, to select the best course of action, to protect user’s health in built environment. It 
should be included in all steps of building design. 


Following the evidence-based design approach, the total of 527 sources of lit- 
erature (Table 4.4) were analysed and presented in previous chapters. As a syn- 
thesis, a tool for decision-making process is developed. 


BOX 4.4 Evidence-based design approach 

The Center for Health Design (CHD) defines evidence-based design approach as “the 
deliberate attempt to base building decisions on the best available research evidence with 
the goal of improving outcomes and of continuing to monitor the success or failure for 
subsequent decision-making.” An evidence-based model can be used for all design deci- 
sions (Malkin 2008). 


The tool is shaped in the form of a matrix, a rectangular array of numbers, 
symbols, or expressions, arranged in rows and columns. According to our primary 
goal, to design a healthy built environment with mastered health risk factors and 
their parameters, altogether six groups of health risk factors and 23 parameters are 
arranged in rows and columns (Fig. 4.2). Interactive influences among parameters 
are marked separately in at the crossing points between rows and columns, posi- 
tioned in the middle of the matrix. For example, cell 9-1 presents the detected 
interactive influence between physical and chemical health hazard factors, specif- 
ically air temperature and formaldehyde emissions from materials (described more 
in detail in Sect. 4.2). 

A detected interactive influence represents a potential problem field that has to 
be eliminated or minimized. For every marked cell, step-by-step activities for 
effective prevention and control of health risk factors and their parameters have to 
be defined. Planned activities should be considered for all possible influences of 
other factors and parameters (i.e., positive or negative). In such a way, the matrix 


Table 4.4 Analysis of relevant sources of literature 


Literature type Number of reviewed references 
Scientific study 313 
Monograph 57 
Scientific report, statistics 103 
Regulation, directive, standard, guideline 54 
Total 527 
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enables doing that and can be used as a tool for the decision-making process. It 
enables further upgrading according to new research findings. 


BOX 4.5 Decision-making process in the design of built environments: case 
study 


Step 1: Definition of the main problem, identifying hazards: 


Step 2. List of detected causes (building, system, user): 


Step 3. Definition of measures and step-by-step activities: 


Problem: appearance of mould (Fig. 4.3) 

Built environment: single room apartment, NE-oriented 

Infected active space: living room, bedroom 

Exposure population: 3 occupants 

Exposure time: 2 years, without noticeable health outcomes 

Duration: whole year, increase growth in October-March (temperate climate) 
Indicator: mould spots, draught environment 

Position, infected materials: final layers of constructional complexes, plaster; corners, 
behind furniture 


Building: improper design of building envelope, inadequate composition of construc- 
tion complexes (e.g., inadequate damp proof membrane, vapour barrier, thermal insu- 
lation, etc.), defects on intersections, geometric thermal bridges and construction 
thermal bridges (allows higher heat transfer than the surrounding thermal envelope), etc. 
system: inadequate ventilation, improper design of building envelope and system 
occupants’ habits (cooking, indoor laundry drying) 

furniture position 


other possible causes are not present: irregularities in plumbing system, floods, etc. 


specific goal: elimination of irregularities in construction complexes, systems, 
environment 

methods: measures of surface temperatures, material moisture content, indoor and 
outdoor environmental parameters; simulations of heat and moisture transfer before and 
after renovated construction complexes; characterization of mould species, concentra- 
tion in air in special cases 

elimination of geometric and construction heat bridges with additional thermal insu- 
lation (upper part of the window, corner, etc.), installation of vapour barriers 
improved ventilation system in kitchen and bathroom 

elimination of irregularities in heating system 

education and training of all occupants (increased natural ventilation of all apartment, 
sock ventilation, drying laundry outdoors or in drying machine, use of ventilation devices 
in kitchen and bathroom etc.), increased distance between furniture position and wall 
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Active space: living room, apartment 
Functional zone: corner between exterior 
wall, partition wall towards balcony and 
ceiling 

Material of final layer: plaster 

Day, time, weather: 18.11.2017, 12:00, 
cloudy 

Outdoor: Tur 5.7 °C, RHao =78.0% 
Indoor: Tai = 22.9 °C, RHa = 65.1%, 
Tow = 18.1 °C 

Relative moisture content = 32.5 
(uninfected reference point 16.7) 


Active space: balcony, apartment 
Functional zone: corner between exterior 
wall, partition wall towards living room and 
ceiling 

Day, time, weather: 18.11.2017, 12:00, 
cloudy 

Outdoor: Ta = 5.7 °C, RH ao =78.0% 
Indoor: Tai = 14.9 °C, RA, = 54.9%, 
RHai = 17.4%, Tut = 13.0 °C 


Active space: living room, apartment 
Functional zone: corner between exterior 
wall, partition wall towards bedroom and 
ceiling 

Material of final layer: plaster 18.11.2017, 
12:00, cloudy 

Outdoor: Ty. = 5.7 °C, RH a9 =78.0% 
Indoor: Tai = 22.9 °C, RHa = 65.1%, 

Tyure= 19.1 °C 

Relative moisture content = 20.7 


Active space: bedroom, apartment 
Functional zone: corner between exterior 
wall and ceiling, near non-insulated roller 
blind box 

Material of final layer: plaster 

Day, time, weather: 

05.11.2017, 10:00, cloudy 

Outdoor: Tao = 14.4 °C, RHap = 71.0% 
Indoor: Tai = 23.3 °C, RHai= 69.7%, 
Tage 19.1 °C 

Relative moisture content = 34.5 


Active space: living room, apartment 
Functional zone: corner between exterior 
wall and partition wall, near cabinet (non- 
ventilated corner) 

Material of final layer: plaster 

Day, time: 18.11.2017, 12:00, cloudy 
Outdoor: Tao = 5.7 °C, RH ao =78.0% 
Indoor: Tai = 22.9 °C, RHa = 65.1%, 
Tyurp= 17.3 °C 

Relative moisture content = 42.0 


Active space: bedroom, apartment 
Functional zone: corner between exterior 
wall and partition wall, behind nightstand 
(non-ventilated corner) 

Day, time, weather: 

18.11.2017, 12:00, cloudy 

Outdoor: Tao = 5.7 °C, RHao =78.0% 
Indoor: 7,;= 22.5 °C, RHai= 65.6%, 
Tyurp = 17.2 °C 

Relative moisture content = 58.1 


Fig. A3 Identified mouldy active spaces, functional zones, material and measured environmental 
parameters. Abbreviations: Tao = outdoor air temperature (°C), RH, = relative air humidity of 
outdoor air (%), Ta; = indoor air temperature (°C), RH,; = relative humidity of indoor air (%), Tat 
= surface temperature of final layer (°C), relative moisture content measured on final layer 
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Step 4. Hazard calculation, comprehensive approach: 

— interaction between parameters: definition of the consequences on other 
physical, chemical, biological health risk factors and their parameters: 1- 
17, 2-17, 3-17, 8-17, 12-17, 15-17, 17-17, 18-17, 19-17, 20-17 

— optimal air temperature and relative air humidity levels according to user comfort and 


draught elimination 


Step 5. Realization, efficiency evaluation: 
— elimination of mould 


— periodic monitoring of built environment, conditions and activities 


With usage of the designed tool for decision-making process, similar activities, as 
it presented for mould (Fig. 4.3), can be performed for every detected problem in built 
environments (i.e., poor indoor air quality, thermal discomfort, etc.). Finally, the 
designed strategy includes holistic actions at the level of physical, chemical, bio- 
logical, psychosocial, personal and other groups of risk factors and their interactive 
influences. 


4.5 Short-Term and Long-Term Benefits of Holistic 
Design 


It is expected that the implementation of design strategy will result in healthy and 
comfortable conditions, as well as increased productivity and decreased health costs 
with economic benefits. Moreover, such a holistic design of healthy built envi- 
ronments results in achieving overall efficiency of buildings, new or renovated 
ones. Construction or renovation leading to a healthy building results in minimized 
adverse health outcomes. This encourages a higher renovation rate that will bring 
large-scale benefits to individuals and society alike. 

In addition to health, the environment, and the economy, the holistic design of 
healthy built environment renovations has several benefits (European Parliament 
2016): 


Environmental benefits: greenhouse gas emissions reduction, reduced usage of 
materials, energy savings, 

Economic benefits: employment, GDP and public budgets, innovation, sectoral 
modernization, energy security, energy bill savings, increase in property value, 
tenant satisfaction, 

Health benefits: reduction of energy poverty, productivity benefits, wellbeing, 
comfort benefits. 


Up to today, many cost-benefit studies were performed to assess the financial 
benefits of performed activities for improving the quality of built environments. The 
potential financial benefits of improving indoor environments exceed costs by 
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factors of 9 and 14 (Fisk 1999). For the US, Fisk and Rosenfeld (1997) estimated 
that potential annual savings and productivity gains ranged from $6 to $19 billion 
from reduced respiratory disease; $1—$4 billion from reduced allergies and asthma, 
$10-$20 billion from reduced symptoms of SBS, and $12-$125 billion from direct 
improvements in worker performance unrelated to health. Similar findings were 
recorded in the studies by Dutton et al. (2013) and Wargocki (2013). 

Dutton et al. (2013) assessed the impact of a natural ventilation retrofit of 10% of 


BOX 4.6 Cost-benefit analysis (CBA) 

Cost-benefit analysis (CBA) offers a method of economic evaluation that values all 
benefits against all costs. The resulting cost-benefit ratio indicates whether or not the 
benefits outweigh the costs of an intervention and hence provides a decision-making 
tool with a broad societal perspective (WHO 2017). 


California’s office stock on the prevalence of SBS symptoms and associated costs; 
doing so would result in 22,000-56,000 fewer people reporting symptoms in a 
given week. Wargocki (2013) showed that crude estimates suggest that 2 million 
healthy life years can be saved in Europe by avoiding exposure to indoor air 
pollutants in non-industrial buildings. Healthy indoor air quality at work can 
increase people’s productivity up to 10% (Wyon and Wargocki 2013). Similar 
estimates have been made for the U.S. as regards exposures to air pollutants in 
residential buildings. The potential annual savings and productivity gains have been 
estimated to be as high as $168 billion in the U.S. (1997 estimate as no newer data 
are available). A saving of $400 per employee per year (2000 estimate) was esti- 
mated due to reduced absenteeism being the result of improved indoor air quality. 
In Europe, the annual productivity benefits were estimated to be at the level of 
about €330 per worker (2000 estimate as no newer data are available) (Wargocki 
2013). Recent studies have shown that costs of poor indoor environment for the 
employer, the building owner, and for society as a whole are often considerably 
higher than the cost of the energy used in the same building (EN 15251:2007). 
Similar findings were made by: 


Selkowitz, Energy Technologies Area (ETA), Lawrence Berkeley National 
Laboratory cautioned: “Very generally, if you look at costs in very round 
numbers, energy costs about $2 per square foot per year, and people cost 
about $200 per square foot” in an office building. So even a tiny improvement 
in productivity or sick time will pay off far more quickly than energy savings, 
he said (Washington Post 1999). 
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Temeljotov Salaj et al. (2017) highlighted the negative impacts of economic 
crises: “Economic crisis has impacts on workplace conditions, affects the 
satisfaction of employees and consequently occupational health. 
Implementing aspects of better workplace conditions introduces a better base 
of value for employees and employers”, they concluded (Temeljotov Salaj 
et al. 2017, p. 2088). 


In conclusion, well-designed buildings are those which are fit for their purpose 
(Lavin et al. 2006). Healthy buildings are more than that (Fig. 4.4). 

The presented concept of healthy built environments with a design strategy is 
necessary for the future planning of healthy and comfortable buildings and is a basis 
for successful renovations. For this reason, it is essential to understand all benefits 
of such holistic approach as well as negative side-effects of current unilateral design 


TERO $ 
š & 


A healthy building is a component within healthy built environment and is the living or 
working environment in which all health risk factors are fully prevented, and optimal 
conditions for health and wellbeing of individual user are attained. Optimal conditions 
include stimulating and healing-oriented conditions, which result in fulfilment of specific 
needs for individual users and vulnerable ones. 


Fig. 4.4 Concept of healthy built environments 
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that is currently in progress. Therefore, it is necessary to implement the strategy at 
the first step of design, at the planning stage. 

Readers of this book acquire comprehensive knowledge and clear understanding 
of the health risk factors and their influences from various disciplines. In this way, it 
promotes multidisciplinary cooperation between various fields that is necessary for 
efficient control and prevention against negative health outcomes in built 
environments. 


All of us have responsibility to place human, as an individual and his values, 
in the front of design (KraSovec 2019). 
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